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ABSTRACT >

From the amalysis of a postulated loss-of-coolant and loss-of-

A\

emergency cooling accident in a typical herizontal pressure tube nuclear

L]

reactor, the need was established for a systematic investigation on the

t

boiling heat transfer coefficientbto be~expecfed on a 12.7 cm diameter
cylinder and a bdnd;e of ihese cylinders under saturated and subcooled
cénditions. To accomplish this, a three-part experimental ﬁrngram was
instigated.

In the Fifét part, a successfgl tedﬁhique based on a guenching
(transjent) procedure and the use of a heat Flux meter was developed to
measure directly the local boiling heat flux density around a large hor-
izontal cylinder (12.7 cm diémeter) as a function of wall temperature
under saturated and subcooled conditions., These experiments were com-
plemented by pertinent theoretical analyses. Although the surface aver-
aged critical heat flux densities are shown to be predicted very well by.
kngun ccrrelations, these experiments and analyses do reveal that there
is considerable variation of the local critical heat flux density (CFF)
around the cylinder. It was shown by high speed motinn pictures (1000
frames/s) and from quenching experiments on partially insulated cylinders'
that this variation results from the 1ntergction of the upflouing liquid~
vépour'boundéry layer with the boiling phenOmgna.. These results for the
' partially imsulated surface and for éteam injection underneath a singlé
copper cylinder are also presented.

In the second portion of the experimental program, a Five row
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by three column array of instrumented copper’cylinders was quenched to
determine the interaction effect on the boiling curve of the vapour-
1iquid mixture rising from tubes located below. This bundle was in-
vestigated under saturated and subcooled conditions. Results show that
there is a significant critical heat flux increase over the louer part
of the cylinder and no appreciable effect over the other parts. The
critical heat fFlux incfease is relatively independent of. the amount of
upflowing vapour. .

In the third part of the program, a steam-heated tube, 2.67 cm
outer diameter, was used to study the stéady-statq boiling character-
istics of heptane on single horizontal tubes. The average beiling heat
flex for each of these steam-heated tubes in a four row by three column
array was determined and compared with that- observed when eath was used
alone. The results show a substantial increase in the critical heat
flux value and essentially no increase in tﬁe nucleate boiling regime
on any tube when the }ower tubes were boiling. UWhen all tubes were &t
their critical heat flux, the average CH in the bundle was about 20% \
higher than the one optained in 5 single tybe experiment.

It-is recommended to initiate a study to calculate fhe pressure
drop in a herizontal boiler. -it is suggested that the apparent decrease
in the overall average critical heat flux for a bundle of tubes, which
has been reported in the'literature for horlzontél reboiler systems, |
may not be caused by vapour blanketing but may result from insufficient

liquidﬂbeing drawn into the bundle, by natural convection or the thermo-

syphun effect, to satisfy that required to generate thehv;pour if all
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tubes are operating at the critical heat flux. Some recommendations
4
for future work relating to this problem are presented.
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CHAPTER 1

INTROOUCTION
In a horizontal pressure tube nuclear reactor, the nuclear fuel
bundles are housed in pressure tubes, each 11.15 cm 0.0. by 0.4 to 0.5
cm wall thickness and the pressurized heavy water coolant flows inside

these tubes coaxially with the nuclear fuel bundles. Each pressure

4 \

¥

tube is housed in a.calandria tube (13.175 cm 0.D. by 0.14 to 0.16 cm
wall thickness), with the annulus between the tubes being maintained

by spacers located at appropriate axial locations. This annular gap

-

(0.87 cm) contains a dry gas to provide sufficient insulation between

the hot. pressure tube and the cool heavy water moderator surrounding
the calandria tube. A typical reactor may containt 300 tb 500 calandria
tubes arranged on a sqﬁare pitch with a pitch-to-diaméter ratio of
about 2.18.

Construction and operation of such a nuclear reactor {H Canada
require licenses from-the Atomic Energy Control Board. To obtain these
licenses, the applicant must submit detalled accident analyseshto the
Board. Oreof the accidents to be analysed is a loss-of-coolant accident
with coincident failure of the emergency core cooling system. This

postulated accident involves heat transfer ta the moderator- system as

B s P W Sy

Ry .
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a major heat removal mechanism. Thus a need arises to wndeérstand and
be able to predict boiling heat transfer behaviour on the outer surface
of 8 calandria tube within an array of similar tubes.

The prablem, then, is to provide design data relating to the
boiling curve and particularly the maximum heat flux to be expected
op a8 13.2 cm 0.D. tube which has part of its surface heated to some
high temperature and which is immersed in stagnant water in some given
subcooled state. This tube is located somewhere within a matrix of

similar tubes possibly experiencing the same phenomena,

The specific objectives of this study relate to the designer's

needs and may be summarized as follows:

~
-f

(1) To pfovide boiling curves for a single 12.7 .cm 0.0. horizontal
cylinder located in water at various levels of subcooling up to at _
least BDOC, higher if pogsible (the 12.7 cm diameter was dibtated by
the closest commercially available qiameter for a coppef cylindér).
This boiling curve should include the critical heat flux density as
well as the nucleate and transition boiling redimes near the maximum

»

heat flux.

[

(i1) To- provide boiling curves similar to (i) for horizontal cyi1n~

ders with oniy part of the periphery being heated.

(iii) To provide boiling curves for horizontal cylinders located in
o i ' .

a matrix of cylinders (initially with 3 square pitch having a pitch-

to-diameter ratio of 2.18) all of which are undérgoing similar boiling

phenomena.
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3,4

To provide this information, en experimental program has Beén

devised which has three elements:

(1) The unsteady-state quenching of a hot copper cylinder, equipped
with a heat flux meter, in saturated or subcooled water under pool

boiling conditions.

(i) The quenching of a bundle of copper cylinders equipped with heat

flux meters in a saturated or a subcooled pool of water.

(iii) Steady-state pool boiling of heptane from a steam-heated 2.67 cm
outside diaméter tube and a bundle of these tubes.

This thesis reports the experimentai results for each of .these
phases, -Chapter 5 for the single pylinder guenching, Chapter 6 for the
quenching of an array of cylinders, and Chapter 7 for the steady-state

experiments.
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CHAPTER 2
LITERATURE REVIEW

'The objective of this chapter is to review, in sufficient depth,
the salient theoretical and phenomenological aspects of the boiling phe~
nomena so that the uninformed reader maL comfortably read this thesis.
The major emphasis is an the critical heat flux aspect of boiling heat

transfer. o

2.1 Boiling Heat Transfer

2.1.1 Introduction

Boiling heat transfer, as considered here, is based on the change
of phase from liguid to vapour at the heating surface. The applications
of SQCh boiling heat transfer are numerous, not only in vaporizers but
*3lso in situations where it is desired to remove heat from a surface at
a higp rate with low wall superheat. Deéelopments in nuclear reactors
and rockets, where extremely high heat fluxes are transferred through a
comparatively small srea, have stimulated iatensive research into boil-
ing heat transfer.

If a temperature gradient or difference exists, heat will be
caused to flow. This temperature gradient or diFFerénce is a manifes-
tation of the thermal resistance to heat flow and this resistance is
Q8ualiy expressed as a conductance or by a heat transfer coefficient.’

The larger the heat transfer coefficient the smaller the resistance.

5
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This heat transfer coefficient will depend on the mechanism of heat

transfer (forced or natural convection, boiling etc.). In boiling heat

* transfer, it is shown that the heat transfer coefficient also depends

upon the temperature diFfereﬁce between the heat transfer surface and
the liquid. This variation is usually shown by a plot of heat flux 'den-
sity versus the temperature difference between the heat trangfer Bur%ace
and the liquid. It is thig variation which is being determined in béil-
ing experiments and the ‘plot is called a boiling curve. ;
Therg are two basic types of boiling: pool boiling and flow

boiling. Pool boiling is when the system consists of a héating surface

such as a flat plate or a wire, submerged in a pool of ligquid without
/

W

external agitation. Flow boiling, also referred to as forced convection
boiling, takes place in a flowing stresm where the boiling surface may
itself be a portion of the flow passage. A further subdivisfon of boil-
ing is saturation and subcooled boiling where the liquid buik tempe;a—

)

ture is at or below the saturation temperature respectively. Subcooled

boiling is also known as local boiling.

Although boiling has been widely employed in evaporators, boilers

and other ﬁrocess equipment for years, baslic knowledge on thié heat trans-

" fer phenomena is still lacking in many details. The main difficulties

arise because boilingﬁis a camplex phenomena involving the interaction
Df'fluid motion, heat transfer, surface and interfacial phenomena and
evaporation. Moreover, uﬁless extreme ca%e is taken boiling is not re-
producible. Pool boiling heat transfer is the prime intereét in this

project and will be covered in much d}eater detail in the sections to

follow. oL

CHPSSIES TN



~N

2.1.2 The Various Boiling Regimes (N4, RG, R9, w3, v1)

To acquire a physical understanding of the different phenomena
which are characteristic of the various boiling regimes, consider the
traditional electrically heéfed horizontal wire or flat plate submernped
in a3 pool of liquid at saturation temperature. Fiéure“2-1 illustrates
the typical dependence between the heat flux density, /A, and the
temperature difference between the heating surface and the.liquid.

This curve is typical of all boiling curves encountered in
boiling heat transfer. Its exact shape and location is determined by
a variety of factors such as the nature of the heating surface, pressure,
gravity, etc. which are discussed later. Part of the difference in
behaviour is related to the behaviour of the vapour near the heat
transfer surface. Figure 2.1 also illustrafes what uougd be observed
with'high speed photography in the region near the heated surface for each
of the bpiling regimes.

As the temperature of the heating surface is raised above the sa-

turation temperature, the liquid near the heater reaches a temperature

slightly in excess of saturation. This superheated l4quid is less

. dense and therefore tends to rise to the free surface, where vaporization

takes place. Although there is evaporation at the free surface, this
mechanism, represented b region A8, is called the natural convection
regime insofar as the conditions at the heating surface are concerned.

At point 8, the boiling process enters into the region of nucleate

boiling which is chateeterized by the qenefaticn of vapour bubbles at
favoured spots or nucl:;:?ﬁg\éﬁtes on the heating surface. The nycleate

e e Amiba i b e 2T F Y



bolling region will be diascussed in qrester deteil in section 2.j.3.
An increase in excess temperature produces a steep rise of the heat
flux up to point £, due to an increase in the number of nucleation
///éites; this creates more and more vapour in the vicinity of the heated
surface. Eventually point £ is reached where the nucleate bailing
mechanism cannot accommodate a further increaée in heat transfér‘rate.
At this point, a decrease in heat flux results as the wall temperéture
is raised because aof partigl vapour blanketing of the heat transfer
surface. Point £ marks the upper limit of nucleate boiling and is
termed the critical heat flux. The vapour blanket which forms at this
polint ;g\very unstable. It collapses and reforms ;apidly under the
actionhog circulation currents. This occurs in the region £F wnicn is
termed the transitio% boiling regime. This region is characterized oy
rapid changes between nucleate boiling and film boiling on the heating
surface. As the temperature of ;he heating surface is increased, tne
éurface tends to have s greater proportion of it covered by the vapour
film. At point F, the onset of film boiling,-tpé surface is entirely
covered by a stable vapour film and hence the Liquid is separated from
the heating surface hy it. The relatively low thermal conductivity of
the vapour film results in much lower heat transfer rates in film
\builing than those encountered in nucleate boiling. In the Fflm boflinq
regime, the heat transfer takes place by conduction through the‘vapodf
film. As the excess temperature is incréased, the heat flux increases

by conduction (since the tehperature difference across the vapour Film

increases); moreover, at higher temperatures radiant heat transfer plays

o~
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an increasingly significant role.

The preceding discussion was based on the assumption that the
temperature of the heating surface could be maintained at some desired
value. The characteristic boiling curve (Fig. 2.1) is readily obtained
when the heat source is a condensing vapour, ué&ess the system itself
is unstable as will be discussed later. However, in many cases, it is
the heat generation rate and not the surface temperature which is
controlled. Nuclear reactors and electrically heated wires are examples
of such systems. when an attemét is made to increase the heat flux -
beyond a value corfesponding to point E in-Fiqure Z'TL/#he boiling
process cannot remove heat as fast as it is genmerated unless the temper-
ature of the heating surface rises to some very High value above that
at point G. For most systems, this excess tempersture is so high that
the heater may melt. For thif reason, point £ is aoften referred to as
the "burnout heat Flux". This name is somewhat misleading since,

depending on the fluid and the material of the heater, physical destruc-

tion does not necessarily occur.

2.1.3 Nucleate Boiling

Introduction ,

Nucleate boiling is a process where a liquid undergoes a change

to the vapour phase at preferred nucleation sites on a heating surface.

The heaﬁing surface temperature must be in excess of the saturation
temperature of the ligquid under ebullition. The very high heat fluxes
obtainable with relatively low temperaturé differences makes the nucleate

boiling regime of great engineering importance.
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There exists today no completely satisfactory method of pre-
dicting nucleate boiling heat flux. The process of nucleate boiling
changes from the first bubble generation to the critical heat flux.
Therefore, some authors have found it ‘necessary to separate.the nucleate
boiling regime into several regions in order to correlate heat flux as
a function of wall superheat: Gaertner(G2) using high speed photography
of boiling on a horizontal surface at atmOSpHeric pressure, observed
thdt, as the surface temperature increased, the vapour structure passed
through three, and possibly four distinct regions. These are discrete
bubbles, vapour columns and vapour ﬁﬂshrooms,.and vapour patches. These
four regions were discussed by Dernedde(D1) and Raa(R2). Hsu(H5) and
Moissis aﬁd Berenson(MS) separated the nucleate boiling regimes into
two regions: region of isoclated bubbles and region of merging bubbles.
The vapour structure at the surface would progress from isg}ated bubbles
to vapour columns in a continuous fashion. They suggestedithat theY
average heat traﬁ;Fer coefficient should be determined by an appropriate

weighting of the two processes.

Bubble Dynamics

In the natufal convection regime, the liquid near the heating

. surface must be slightly superheated to account for heat transfer. As
the wall temperature is increased, a particular wall temperature for a
gQiven heaéir surfacé is reached where bubbles bégin to Fo;m on the heat
transfer-6urface. Therefare, the first requirement to produce a bubble

is a superheated liquid film next to the heating surface. The amount af

superheat depends upon wall surface condition, hea& Flux, qréssure etc.
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Liquid superheats of about s°C are usually required to form isolated
bubbles although homogeneous nucleation theories suggest a value about
an order of magnitude higher. It can be shown that the liquid must

be superheated in t%e region of a bubble because of the need for a
higﬁer pressure (vapour pressure) in the inside of a bubble in order

for it to exist. This excess pressure may be determined from a force

balance which leads to the expression:

AP = Py-Pr - —2—r"— (21)
where P¥ is the vapour pressure of the liquid corresponding to a given
temperature and Pf is the pressure at the given point in the liquid.

In order for the bubble to grow, the superheat must be even higher than
this equilibrium value. |

The roughness of the heéting‘sﬁrﬁéce has a major influence on
the liguid superheat required for nucleation since the conditions of
the surface determines the size of the cavities or nucleating sites on
the surface of thé héater. These cavities or crevices serve to captore
vapour or inert gas. Increasing roughnes; incregses the radius of the
cavities on the surface which in turm reguires less excess pressure and
therefore less superheat. Berenson(B86) boiled pentane on copper surfaces
at atmosphgric pressure and his data lend support éo the points concerning
wall superheat and surface roughness. For example,cby‘conditinning.
each heating surface with a different grade of emery paper, he abserved
a much steepef nucleate boiling curve for a rougher surface and that

a given heat flux could be supported at a lower wall-to-liquid temperature
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difference. Zuber(Z3) reports thgf an extremely highly polished heater
could sustain a superheat up to SDDC without nucieatioh.. However -the
curve w&uld Uvershuqt when:nucleate bolling did”sfart; this led to é
hysteresis in the boiling curve. Many authors, dating From.the garly
‘experiments of Corty and Foust(C10) have Hoticed this phenomena. The

first nucleation triggers the adjacent sites and therefore the heater

tools down.

r3y

The bubble rises when the buoyant force is large enough to

separate the bubble from the heatiné surface. Actually, detachment

occurs when the buoyant and hydrodynamic forces, tending to pull the
bubble away® from the surface, overcome surface tension and inertia’

forces which tends to maistain it in Ehat'poéition. The shape af bhub-
. , . > )
bles leav;ng the surface varies 'in a complex way depending on the @.r-

©

cumgtances of thelr formatian. If the viscosity of ‘the ligquid is

high, the bubble will be more flat. Uuhen the Jiquid is not viscous,

"

the éurfaée tension wiil be the prime downward force and the bubble will

.-be more spherical(R10). Rallis and Jawurek(R1) observed that when a
bubble departs, it.carries away a hot Jayei of liguid and continues to

_grow aftér'deﬁarturé until it reaches the free surface of the liguid.

Katto and Kikuchi(K1) came to the same conclusion by studying bubble

dynamics with high speed photooraphy.

Mechanisms of Nucleate Boiling

There has been a multitude of mechanisms suggested for %uc]eate

boiling; Zuber(Z3) in a boiling heat transfer review found that aveila-

ble correlations could be in error by as much as 13,000%. Chaudhri and
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‘McDougall(C3) did a study on surface ageing and concluded that no corre-

lation known today can be used over the entire nucleate boiling regime
even though a surface factar.is included. This demonstrates the com-
plexity of bQiliné'heat transfer. Tuwo different‘approachés have been
taken in studying'nucleate pool boiling. The First‘one'is to use high
speed phatography to study bubble behaviou; and thereby suggest models
to correlate data. The second approach %s.conce?nea with the overall

effect- of nucleate bolling and attempts to obtain empirical correlations

of the builing'ggfnomena by considering it as a process by which heat is

.transmitted.-

There is a gharp changegin‘slope of the boiling curve at the
onset of nucleate boiling. Heat fluxes for nucleate boiling at a given

wall-to-fluid temperature difference are much higher than for a single

- phase fluid. Therefore the FirsQ obvious methanism to bhe proposed for

nucleate boiling was that heat was removed'as the latent heat of vapori

zation. This‘model is commonly called'the latent heat transport model.

However, in 1951, Rohsenow and ) presented measurements on-sﬁb-‘
caoled bciiing heat transfer and concluded thét only a Fgu percent qf‘
the heat flux could be accounted for by thé latéht’heat content at the
surface. Rather, the magor portion of heat transfer could be accounted
for by the high degree of turbu18nce produced by bubble motion in the
vicinity of the heated surface. Forsper and Grief(F&4) proposed the
vapour-liquid ethangé'model as ﬁeing the best moﬁel to explaiﬁntheir

data. This model is a slight variation of-the'Rohseuow and Clark de-

scription. Moore and Mesler(M6) obsgrved with a ﬁigh respunse thermo-

) . N
couple that the surfate temperature in nucleate boiling periodically
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dropped 200 to BDOF, in about 2 milliseconds and then recovered relative-
ly slowly. They suggested thgt thé 9vaporat10ngof a microlayer of liquid
undef the growing bubble ¢€ould account for this rapid heat extractiorm.
Such microlayers have been since observéd by ifght diffraction methods
by Cooper ‘and Lloyd(é9) and more recently by Voutsinous°aﬁd-3udd(u2).
These observations cun?irmgd that it is a significant heat transfer
mechanism under some conditiaons particulariy ;t low pres;Lres. Haﬁ and
Griffith(H1, H2) found that when a bubble left the.surfacé it carries
with it the.thermal boundary l;;er surrounding the bubbie. Zubex(22),
Bénkpff(BZ) and Rallis andeJawurek (R1) have proposed similar models by
which Heat transfer in nucleate boiling regime is'accounted for by both
natqral convection and latent heat traﬁsport. Natural convection is
most important st low hedt flux valués; Latent héat transport is sig-
nificant at all levels of heg; %lux but becomes morg importanp‘as fﬁe
burnout heat Flix s approached.  In the light of this model, it is

not surprising that Rohsenow and Clark(R7) concluded that.only a few
percent of the heat flux could be éccounted for by the laEE:; heat con-
tent at the surfacg as they dealt with subcooled pool boiling.

| Judd and Merte(32) identiﬁigd six principal nucleate boliling
mugels in the literature. Thrpugh a series nf\experime ts done af'var-
ious degfégs of subcooling and écceleration, they tested their aata
;gainst all these six models. All fhe models investigated predicted

decreasing values of the heat flux ratio (pfedicted ovér measured heat

fluxes) as subcooling and acceleration increased. This suggests that the
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mechanisms upon which the models are basedAare not adequate. The
authors éuggest that mass transfer through the bubbles resulting from
the evaporation of 8 microlayer at the base of the bubble and the subse-
guent condensation of the vepour at the liguid-vapour interface is a
most likely prospect.

It is almost impossible to correlate nucleate boiling heat
transfer because it varies with different types of liquids, surface
conditions etc. Moreover, surface conditions (cleanliness, ageing etc.)
are a}bitrary and impossible to put in guantitative form. However, one
of the mast popular correlations for nucleate pool boiling is thqt

‘,preseqted by Rohsenow(RE6);

= Cst

Cot AT [(q/A) - ST 0-33.
A F’rfl'-{ ST I S o pt- pa) . o »

o

The constant Cst 18 an empirically determingﬁfﬁzg::;ty which is depen-

dent upon the way in which the -liguid wets the heatiﬁg surface. In a
recent paper, Fand and Ho(F1)"prpviqed a critical evaluation of
Rghsenow and Clark{s correlation and indicategwthat the coefficient

Cst is not a constant but a functioh of pressure. Nevertheless, they

" showed that the correlation is fairly accurate ié the range between

4 and 115 psia. . The main advantage in this énrrelation is that Csf can
be determined for a particular fluid-surface CUmbination in g unique

"

test at one pressure and results can be used at. all pressures(Kb).

T el T NS 8 oy

PRI}

eabmmrysy oo s

S s b




However, if the surface characterigtlcd channe, the value of Cst " wil) -

also change and it is impossiblé tg/predict this coefficient a priori.

4
¢

2.1.4 Critical Heat Flux \
- A

Introduction ' 3

The heat flux in tne nucleate boiling regiqn cannot be increased
without bounds. There is a point where the heating sur%ace cannot ac-
commodate any further increase in heat flux and a vapour ‘film is formed
thus adding a.resistance to heat flow. This point is the critical heat

. flux. The terms critical heat flux, burnout Heat Flux,.boiling crisis
and limiting heat flux in nucleate bdiling are used interchanqeab}v.
With recent developments of nuclear rescturs there is a pressing ol
faor methods to predlct the magnitude of the critical heat flux and the
surface temperature at which it occurs. As nuclear reactors are con-
stant power input systems, the critical heat flux cannot be exceeded
for safevoperation. Critical heat flux is Cery imeortant in this work

and will be discussed in detail.

" Mechanism and Prediction

e

The reason for the maximum in the boiling curve may be found by'

'examinlng the heat transfer mechanism-during boiling. As in the

"f1oodingd' phenomenon, ‘the discontinuous phase . (vapour) and the continu- -

ous phase (liquid) compete for the free volume(Z4). Raohsenow(R6) de-
scribes three models explaining the condition at critical heat flux and
T

they are briefly summarized here:
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(y? At the cfitical heat flux, the maximum number of bubbles occurs
which is'defermined by '@ critical bubble packing; exceeding this maximum
. leads to vapour blanketing.
‘}(ii) | The updraught of vapour flow inbibits the downflew of liquid -
‘requifed to replace it.
(iii) Vapour columns merée and this coalescence produces a vadbur blanket.
A&though these three different mechanisms explain how the cri-~
tical heat flux may arise, the final result is the same: for efficient’
heat’ transfer, the liquid must get tg the surface. Therefore, the cfi-
tical heat flux is characte?ized by a limiting vapour volumetric flow
rate from the surface. All analyses have led .to essentially the same
equetion for the critical heat flux from a hoeizontal flat plate, viz.:

| . | oglp-~ p )02s
- (a/A)c = Kp X [ et ] (2:3)
'oﬂ
(Q/A) . ' . .
where DN is a measure of the average velocity of the vapour leaving
9 . .

the heating surface. | A .
Kutateladze(4S5) postulated that the crisis in the beiling pro-

cess is a purely hydrodynamic phenomengn:‘the destrbctjon of stability

of two-phase flow- ex1st1ng close to the heating surface, AppIying simi—

larity considerations to the equations of motion and energy, he 1dent1-

¢ ¢

fied important dlmen510nless groups and then using experimental data he
proposed a value of 0.16 for the coefflcient Ke Zuber{Z?1, Z4), by ap-
p1y1ng a, Hefhholtz 1nstab11ity analy51s to the upward-flowing vapour

|

€olumns, arrlqed at exactly the same equation. In this analysis, he
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considered the criticai size and spacing of the vapour jets leaving the

surface; a K value of /24 was derived from this hydrodynam{c instability .

analysis. Berenson(B6) found that the level of critical heat’ Flux was
relatively independent of the shrface roughness. The.abové equation is

only a function of coolant properties and is theggfofe in agreefent wlth

e

Berenson's findings.

- .

- However, Rogers(R5) through a careful analysis of the' level of
critical heat flux for the different roughnesses of Berenson's data

found an increase of approximately 10%. Few duthbrs have tried to

" correlate thg critical heat'Flux.considering surface roughness.

?

Chang(C2),. by considering the surface conditions derived an equation for

- a flat plate'which is identical to the eguation derived by Kutateladze

‘and’ Zuber with a K value of 0.13. Gaertner(G1,G2) considered also the

effect of surface’ roughness and obﬁéined the following value for K:

W V2 e ‘-
4 A

Rogers(RS) assumed that the correlating variables were correct and found
that the avallable data suggested a value of 0.124 as the best ¥ value.

T?pre are mary other models whlch have been proposed in the literature

;ﬁr a horizontal flat plate: Rohsenow and Gr1ff1th(R8), Lienhard and

/Shrock(LS), Lienhard and Watanabe(L6E), Moissis and, Berenson(MS) are

// some. For a more detailed description of the varicus models the reader

is referred to references G3,“L2, R& and R9.
it_has been claimed and dispuied many times that hydrodymamic

instability is the cause of burhout in pooul boiling heat transfer.

(2:9)

/
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The fact that the question still peesists is not surerislng ln view
of the cuhfusion that has arisen over“lhe number of physical models
that have been proposed, and the efFect of certain parameters on the
max1mum heat flux, such as geometry, orientation and surface CDHdithﬂS,
which Few of" the models if any, are able to account for. Nevertheless,

the great success already achieved in treating this very complex prohlem

by analysis based 'on the hydrodynamic imstability theory is truly amazing..

Cobb and Park(C?),.attemphiﬁg to eliminate the different factors
affecting CHF such, as swrface variahlee have derived a correlation. which’
predlqts\CFF value %or ligquids which Fullou the theory of corresponding .
state. However the correlation requirés one burnout heat flux £a be ‘
Knodp. This could be very useful in predicting high pressure heat
Fluxes from atmospheric data; The éuthors claim that their equatinh ean
fit the data to an accuracy of better than 7%.

Lienhard et al.(L4) carried out critical heat flux experiments

on flat plates and found that Zuber's formula should have a K-value .

- of ‘0.15 (abaout 146% hlgher than suggested by Zuber). He found that the

-

predicting equation was good as long as the dimensions of the plate
are at least 3 Tayler wavelengths on a side.. This Taylon wavelength
or most susceptlble wavelength in a horlzontal liqu1d-vapour interface

was defined by the Followlng equatlon'

(2:5)
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They found that For:smaller,heatérs, the hydrodynamit theory requireé'

a wide vériation in he;t flux owing to discontinuities in the qumbér of
escaping jets. Data for smaller plates bear out. this p;ediCtEd varia- .
"tion with a critical heat Flux range bétween AD%{and 235% of the Zuber's,

predicted'value.. Hence, it is not surprising to fiﬁd that the value of

—

K has been suggested as ranging fram D.Q95 to 0.20(L2); in most cases, °
this variation-can be attribyted to the heater dimensions employed.

For ‘a large hlate,.hamever, predictions are quite .good if a K value

. °
\

of 0.15 is used.

Forced Convection -

»

°

Forced convection rngrs to a flow of liﬁuid relatipe'to 3

heating surféce caused by an external éource. This is the most common
. type of hgat trénsfer in engineering applicationsi Pool poiling with -
extgfnal agitétiﬁn is a type oé forced conuectian. Pramuk and westwaéer
(P6) studied thé effects of agitatioﬁ in pool-boiling heét transfer.
.They found that the superheat at which thé critical heat .flux occurs
iﬁcreased bith an increase of the degree of agitation. O0On the other
, hand, thé critical heat flux was incregsed bg 25% and an increase of up
to 100% was observed ét other heat fluxes. Théﬁ conq}uded that’the
«aéitation increased the frequency with which bubqies le?tlﬁhe surfaéé:
bdtvphe number of active sités remained essentially éans£ant. This
provides an explanation for the observations relating to the critical
heat Flux behaviour under forced convection conditions.

“Figures 2.2.sﬁows typical curves obtéingd with boiling heat

transfer im forced convection as compared with pool boiling. In single



22

phase heat transfer the heat flux increases with increasing flow veloc-'
ity. Since above incipient boiiing if was observed that the effects

of* forced Eanvection seeﬁ to be superimposed on pool nucleate boiling,

' Be;gles and Rohsenow(B87) suggested that the superposition could bé ép-

plisd, viz.:'
(.Q/A)T:')TAL, = (g/A)soiuine + (q/A)convecTion . “(2-6)

~The§~suggested that the boiling heat fFlux could be calculated from the

Rohsenow pool boiling correlation and fhe convective flux from the mor-

-

mal single phase correlations. Morenvef, the critical heat flux could
be predicted from Equation 2.3 with the superimposéd convective heat
flux. It has been since found that this procedure, although providing

a good first approximatiaon, Bversimplifies the actual canvection boiling

. !
phenomena since interactions between -the two heat transfer phenomena do

ocqyr(CS).

Subcooling

®

Subcocled boiling hHeat transfer is obtained when boiling takes

¢

place in a bulk of liquid which is below the saturation temperature of
the boilihg Tiguid ;t the system pressu;e;- The dotted line in Figure 2.2
represents a typical curve obtained with subcooled pool boiling. A

. bubble generated at the heating surface rarely leaves the liquid bﬁlk,:
'but co;lapseé as a‘résultJUF condensation in the calder liquid. The -

effect of subcooling is to rapidly reduce the vapour volume near the

heated surface.

t

;
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Most of the correlations dérived to date show a significant'

increase in the CHF value as tpe\pegree of subcooling of the liquid is

increased. The most common correlations are:

Ivey and Morris(I2)

p

(q/A)c,sup o2s  Cp A

——— =1+ 0 [==]7 [—] ATswe

(g/A)c,sat S APy
Kutateladze(l5)

(q/A)¢,sus’ p 0923 . Cp

—_— ]+ [—J—] . [ ] ATsus

(a/A)c, sar P, 25 )

/

Zuber(Z4) haé'extended

his hydrodynamic theary to derive

(Q/A)k,sue 2k(Ta-Te) 24 . .| . P
= | + .
{g/A)csar . - Jrar T NPy og(f-R)
' whefe
. ‘ 'o- 08 ' P2 . 025
T = /277' [._.__.___._._.] | ! v

.

3 g (Pt— pv) og(Ps—Py)

o

(2:7) -

(2-8)

{2:9)

(2‘-|o)'

Ponter and Halgh(P5) performed experiments on a 0.6 cm diameter stain-

less sieel tube and found througﬁ a8 regression analysis that the criti-

cal teat .fluxes in the subcooled pool boiling of .water at pressures ih.'

the region of 760 and 400 torr and with liquid subcooling up. to

60°C are correlated by the expression

L

(a/Adc,sbp | ATsus
— = [-06 + I:()I5 :;;aj;;;*‘

(q/A)c,sar

(2:11)
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with a standard dev;gtfon of 0.106. At 760 torr the deta were best

fitted through the following equation: - /

(q/A)c,sus . ‘ \
——— = |.0l4 + 0:04458 ATsus , - (2112)

. & A
Heater Geometry ;

The geometry of the heater has no appreciable effect on the

(q/A)c,saT

nucleating mechanism since the influence of the bubble motion on the

fluid conditions is limited locally(M2, M3). However, the orientation
of the heating surface has an influence because, the bqbbie has to mave
up thruugh the liquid. Morebver, since its detachment from the heating

surface is affected by the buoyancy, the surface and irterfacia* ten-~

sion forees, the orientation of the é{iyity vector Telative to its

'directibn of growth will affect its detachment frequency and hence the

bolllng heat Flux._ Githinji and Sabersky(G6) studied the effect of

Amrlentatlun on heat flux by using a flat strip heating elementfinsulated

" on one side., They found that for a constant temperature differencé\the

vértical pnsitiun vielded the highes§ heat flux, the facing~up position
was éééond and the facing-ddwn poéition yiélded a very.lou heat fiux.
A cylinder has all orientatiuns and Rosta(R11) suggested that the local
critical heat flux af the louer part of a large cyllnder could appnoach.
that oF a dounward-Facing surface.

Lienhard(81, L3 S5) derived an analytical correlaticn for

critical heat flux .by taking into accuunt the geometry and size of the

“heater. He suggests that the overill CHF of a large horlzontal cylinder

v

P R P P
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should be about 0.9 the critical heat flux value predicted by Zuber's
equation. This prediction has-a variance~of_about ¥10%. Earlier,
'Bernath(B10), McAdams(M3) end Breen and Westwater(B12).came to a simi-

‘lar conclusion. However, all exueriments to date have been performed

. Puars

with very small diameter cylinders (smaller than 2.5 cm in diameter)..

y—

Power or other heat source limitations precluded the use of larger di;'
ameter cylinders in steady-atate_experimentsf In this project, this

limitation is overceme by employing a fast response heat flux meter and '

It bl vl U b D etk

. unsteady~state guenching experiments. - The only assumption is that the
heat flux is determined by local conditions only and is independent of
previous history. ' o . ' : c

All these predictlcns only provide™ inFormatlon cancernlwg the

<

2 P ot n <

overall or average critical heat flux Fur a surface, they provide no

information concerning the local variation over a surface such as around f

e

a large diameter chinder where the surface orientation varies relative

to.the gravity vector. . As early as 1958, Lance and Myers(L1) found that

the nucleate boiling heat transFer ¢coefficient varies substantially wlth

e

angular p051t10n on 3 cm and 5 cm copper tubes, The greatest varlation cet

on a tube was such that the max1mum cueFFicient was 1205% greater than

the minlmum. The variation in local boiling coefficients was Found to-
. A

decrease as the heat flux was increased. Stolz et al.(S4%) used 8 so-

phisﬁicated calorimeter megthod in their quenching_experimente involving
a 5 cm diameter sphefe. They eheued that there was en appreciable var- P
. iation of critical heat flux around a sphere, Being higheef at the top |
and smallest at the bottom. TheldiFFerences, hbwevér; were not elways '

/ : ~ -
detectable in the cooling curves, since detection required both an




v

26

accurate teﬁperature.determination and a sensitive evaluation proce-
dﬁre(Pui. Since it is well known that artificial agitation pausés a
significant«increaée in Eoiling cdéfficients, it appears'likng that
the liquid-vapour mixture rising from the lower portion ofua horizontal
tube should haqe an.effect on the heat transfer charactéristics of the

upper ﬁoftion of the same tube or cylinder. Since the magnitude of

this flow wil)l be affected by the size and geometry of the heating
surface, somd effect is exﬁécteqrqq\jiiffﬁéal value of the hoiling heat
transfer rate. - ’

Factors Affecting Critical Heat Flux

[

As mentioned earlier, an increase of about 10% was found in
Bgrénsén(B})'é'daﬁa due to surface roughness. Howgver'tﬁe 10% increase
in CHF was obtained by cansidering'%bm éxtreme surface ani;hes; there-
fore for an average surface fipish it can be concluded that the critical
heat Flux ﬁs independent of éurfacg‘conditionsf This is very important - -
in this study becsuse é copper surface was used insfead of a Zirtaloy-2
surface of the Calandr%a tube. Although the critical heat flux will be i
essentially the same, "the wall superheat at which it occurs_wili-still
depend ﬁn surface.

The level of liquid inn@fsion has little effect on the critical - -
heat flux value Eeyond’a certain depfh(Sh). Results shpw!tha? a‘liquid

level of .2 cm to 13 cm above the heating surface do not &ffect the

" boiling curve(N2).

Farber and Scorah(F2) found an in dase in the critical heat ; )

flux when the pressure was ingreased fro atmospheric pressure to. 100

3]
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psig. Kutateladze(K5) presents the critical heat fIﬁ% data for various
liquids as a function of preséure. For low or near-critical pressures,
the value of the’critical heat flux tends to zero while it goes through.
a maximum at a preséure corresponding to approximately 0.35 times the
critieal pressuré. |

Costello anﬁ Frea(C11) claimed that tests run with distilled wa-
ter showed CH valﬁes of 130 uJ/cm2 on a 0.5 mm diémeter stainless steel
semicylinders whereas a value of 202 w/cm2 using tap water was_déterminedl
Hoever, these testé.were testing the influence of materials deposited ’
on the surface anﬂ the high value was only obtained after a .long boil-
ing time in the tap water. A pjgt bf this experimental project uség ‘
%ap water; however, because of Fhe rel%tibely small time of qﬁenching

there should not be a major effect.

2.1.5 Transition Boiling

Beyand the inflection point of tﬁe,boiling curve.(qritical heat
Flux), there is-a decrease in heat flhx as the wall superheat i5 in-
creased. The surfii? is ﬁartially blanketed by an'unétable vapour Fiim.
It is the region of transition from nucleate boiiing (through an inter-
mediate stage in which nucleate boiling coexists with unstable accumu-
latians of vépou; bqbbleé) to film boiling. This vapour film has been
shown ‘to Form and collapse periodically. For this reasan the term |
"unstable film boiliﬁg" is often used to dggcfib% it (C12).
' Using high speed photography, west;atgg and Santagelo(Wt) .
showed that there is no conta;t'betqeen'the heating sur?éce and the
boiling liquid in‘the transition regime: ’They cqpcludgd that when a-

vapour burst was Farmed, the liquid rushed toward the heating surface

+
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but a minieturé explosion of vapour occnrredﬁbefore contact was made,
However, Berenson(B6) could show experimentally that the transition
regime is a combination of nucleate boiling and film &011inq, both
processes being unstable. He found that the tranéition reqion was a
function of surface conditions and that the %ilm boiling was not. He
also concluded that the variation of average heat flux with wall super-
heat is dependent on the fraction of time with uﬁich each boilinqg re-
gime exists at a particular position on the heating surface. éankoff
and Mehra(BB) proposed a quenchlng theory for transition boiling which
1s in agreement with Berenson S Flndings. This model is based on the
heat removal which occurs when the liquid contacts the surface and cools
it. X

As the excess temperature is increased the heat flux decreases

dde to a greater portion of the surface being active on the average,

in the film boiling regime. Finally a pdint is reached where the sur-

face is complétely covered by a vapour Film. At this point, this film

is stable and a minimum in the boiling cur&e is observed. This is

referred to as the Leidenfrost point or simply as the point uF minimum

haat flux. e \

Zuber(Z1) carrleg out a hydrodynamic Stablllty analy31s on the

vapour film and from it developed the following relatiOnshxp for the,

.

minimum heat flux; . | ‘ ///~4

cg(f-R),7%
2

(a/Mmis = CB A |
] (ﬂ +P, )

| (243)
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This is generally considered valid for large heaters. The coefficient,
'C was determined empirically as 0.13 bQ‘Zuber(Z1) and 0.09 by Qerenson(BS).
Many other equations have been proposed based on the ‘'same hypothesis by
Berenson(B5) and Lienhard(L5, L7). Chang in a discussion of Bernath's

. work (89) remarked that

(q/A) max
(q/A)min_

= 5-75 +20% N (2-14)

for water, benzene, methanol and cyclohexane.
”»

Transition boiling is difficult to achieve with an electrical

heating system unless a sophisticated feedback control system is emploYed.
Even if a'hiéh;enfhalpy condensing vapour, such as steam, is used as a
heat source\:?esse(HB)\indicates through an ana]y81s involving relsative

o
thermal capacities that operating in this transition boiling regime
may not always be possible. He derived a criterion that has to be met
for an evaparator to allow it to be operated -in transition boi]inq:
The wall through which the'heat Flaws must have sarficient heat capacity
and re51stance such that it does not respond to rapid variations in
heat PIUx that occur in tran81t10n boiling.” Therefore, unstable transitiaon
- boiling can be)expetted to occur om ) thin wall tube unless sther

precautions are t8ken.:

2.1.6 Film Boiling

Film bciling is the regime of builing during which the l1quid .

xand the heating surface are always separated by a stable film of vapour.

’ .

.
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This film of vapour becomes the principal therﬁal resistance for heat \\\J,'

flow. A good literature review for film boiling from a horizontal

surface can be found in references(B5) and (KH4) and from a cylindér

in reference(N1). ' .
There are two héat trapsport processes in film bolling:

conuecti&e-canductive andwradiative. In‘the first process, heat is

transferred b conduction across the vapour film to the liquid where '

it is absorbéq.as latent heat. “ Vapour is rgmoved from this interface

by the vapour gubbles releasing periodically in a regﬁlar fashion from

the oscillating }ilm of vapour. Bubbles produced are much larger than

those in nucleate boiling.- In the case of cylinders, the vapour flows

to the top of the cylinder where the vapour bubbles are formed. The

Film thickness increases toward the top of the cylinder ;gnd an
14

©

oscillating film is.preduced over the upper surface.
The contribution of the radiation mechanism will only'becomea
important when ihe surface temperaturé is very high. The film bo%fing
Drocess‘is }ndependent of the surface material, cleanliness and -
r0ughnes§ as iong as the height of roughness is less than the Film

thickness(B6). However, when radiation becomes significant the heat

. flux can depend on surface conditions(812).

2.1.7° Boiliqg_}Eat.Transfer in a Tube Bundle

/

’ . - N
Most of the research in pool boiling heat transfer has been
done with only one tube and very little is known .of the effect of vapour

generated by 3 multitubi bundle on the boiling heat transfer rate of any

!

-

3
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tubé within the bundle. However, there is considerable_evidence tha the
heat transfer coefficient expected in a tube bundle may be appreciably
reduced by the vapour'generation Froo boiling on the lomer tubes. A good
literature review which pertains to thiﬁ problem is given by Rogers(RS).
Only a few references have mentibned—%ﬁe bundle effect in pool
boiling heat jraos;er. McAdams(M2) compared the performance of a small
sixty tube evaporator (p/d ratio = 2> wito results obtained on.a single
tube and no appreciable difference was noticed. Kern(K2) suggested that
aumaximum heat flux of 3.8 Wcm2 to be used as a rule1anohumb in design-
ing a multitube evaparator to account For.vapour blanketing regardless
of the boiling liguid used. However, Palen and Tabarek(P1) report heat
flux as high'as 7.9 w/cwz. Molek (M1) proposed a new correlation to pre-
dict the effective heat flux to nucleate boiling‘liqulds.and presents an

example in his paper where he predicts an average heat flux of 3.4 w/cm2

for water due to fouling. It, in fact, predicts the rule-of-thumb-of Kern.

~ Palen and Taborek(P2) present a review of the current methods
usually employed in industry to predict boiling heat transfer coeffi-
clents in a tube'oundle. They theo oroposed a newfcorrelation hased on
L sta;lstical analysis of considerable data From existing industrial re~
boiler systems to predict the bundle effect. They have taken into con-
sideraticn the effects of tube layout geometry such as pitch-to—diameter
ratio, distance between tubes, projected tub; area and tube overlap,
the specific vplume enclosed by ane typical tube layout paﬁtern and

finally the number of tubes in vertical tube rows.: They havelalso

.

.tageglin¢o consideratian the effeots of vapour accumulation -and the

vapour remaval mass velocity to obtain a rather complex relatio ship(PZ)
. . .

§ SdShmapeas
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R typical prediction of - this aquation‘is niven in Figure 2-3 for different
pitch;tp~diameter raﬁio: The.éveraqe boiliqg heat transfer coefficient
for a multitude bundle is lower than a single tube‘and becomes wWorse

-as the pitch-~to-diameter is decreased: This decrease is attributed to

the availability'of liquid in the ‘bundle, A decrease in the spacing
betwegn tubes increases'the vapour retention and restficts }he liquid
flow. ' |

Palen and Small(P1) presented a cgf%elation to predict the
critical heat flux Frﬁm a multitube bundle. They found that the vapour
Dianketigg is a function of tube spagfnq, bundle diameter and rate.of
uapou£ gene;atiun.. Their correlation is said to be acéurate to‘@ithin

- 3% but‘does not account‘For fouling effects,

AR recent study of Palen et al.(P3) pregen§g& a qood review of
pool ﬁailing in horizéntal'multitubq evaﬁorators.{ fypical tube‘ﬁundle
boiling is presented on Figure 2-4. The critical heat flux for a bundle

‘iS'considérably less than For-sfgglg t;bes. However, a higher heat
Flux‘is'oﬁseéved for a tube bundle than that obtainéd with a*singleu
tube ét the same wall superheat 16 fhe nucleate boiling regime. They
suggesfed'that tnré ariées because Dflthe greater turbulence generated

13

: by ‘the boiling in.the.bundle. They also found that the tube layout wds

not significant although the pitch-to-diameter ratio-has a great influence. °

They reported that the'rising bubbles from the lower tubes can genérate

turbulence which in turn can increase the heat flux at the upper tubes

hd .

" over that expected for a single one if there.are only a few rows (4 to

o

6)_in the bundle.

[
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Robinson and Katz(R4) studied the bundle effect in an arrae of
tubes under low nucleate bolling conditions. They abee£ved a signifi-
cant inceease in the non-bubbling regime!but found no effect at higher

heat fluxes.

1

Rogers(R5) used Palen and Small's method to predict the critical

‘heat flux to be expected in a multitube bundle of geometry typical, of

the horizontal calandria in a CANOU nuclear reactor. This analysis
suggested that the critical heat flux could be as low as 28% of that

obtained for a singie tube.

2.2 Quenching Boiling Curves -

4 . . :
Because of the power or steam requirements (heat source), most

fesearch on boiling under steady-stafe conditions is restricted to using

relatively small test specimens. For this reeson, more recently, re-

" searchers have been using a quenching technigque to study pool boiling

- heat transfer. ‘Quenching offers the advanta@e that there are usually

no sericus limitations as to heat source requirements or size of the

heat transfer surface undergqing Boiling. Quenching has been studied
for a long time by metallurgists. 'They control hardness by’;equlating
¥he temperature‘history'pf the eeeeched p?ece;

The basic idea in a queeching experiment is to heat the object
to.be quenched)to a desired temperature and then follow the temperature

history of’ the object as it is being‘quenched By a proper thermal analysis |

i

af the test object, a boiling curve may be obtained. Usually this involves

starting at sufficiently high temperature to operate imitially in the
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film boiling_regimé and as the object cools, pass through each of the
bbiling"regimes in turn, including the critical hest fiux, It is i
portant to note that these quenching experiments invalve studyiﬁg n:xg
bﬁiling under unsteady-gtate conditioﬁs. wﬁether boiling under fhié
transient condition is the same as that observed under steady-state ,
conditions has led to considerable'coﬁtroversy in-the literature, as

-

will be discussed later. |
| In the ;ectiona to follow, the methods of oﬁtaining boiling
curves from quenching data will be described. The calorimeter method
'will‘se descriPed first; thig'is followed by tﬁé heat flux meter teche
nidue. Finally, the applicability of the quenched boiling curves

generated from quenching Experiments to those obitained from steady-

‘state experiments or vfce.versp will be discussed.

2.2,1 Calorimeter Method

. &

’ .

All the quénqhing boiling curves obtained so far employed a
'singlé or a few internal'thermocoupleg&fipfnllow the'temperatqre his-
tory of the quenched piece. Most oé the peaearcﬁérs,used only aone
internal thermocouple and ugually assumed the Systém QP bé thermally
lumped, that is at a_ﬁniférm temperature throughout. ;h:s involves
making the tacit assumptions that thé'Blot numher (B = hR)k) is small
and éhét the process is qﬁasi;static. Kreith(KL) suggests t; t as long

as the Biot numbér is less than 0.1 that the system can be lumpkd.

Bergles and Thompson(B8) suggest that Bi at the critical heat f1

dengity should not be much more than 0.4 for accuracy. The heat flux
. . @ ) '
can be calcylated from an appropriate heat balance using the curve gf

~
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the temperature ae a functi;n\EF\iimet

oV dT - L
(q/A) = = (—) PCp (—) (2:15)
A dt :
However, when the heat flux is high enough to cause an appreciable
temperature gradient in the specimen, the boiling curve may not repre-.

sent the actual phendmena. In this case, many thermocouples should be

inserted at appropriate locations inside the specimen.

Bradfield(B11) used the quenching technique with a single thermo-'

couple located at the centre of a chrnme-plated ephere. 'He.aesumed his
system to be thermally lumped. In this case, this assumption was vélid,°
.because his experiments ‘were performed in the film boilinq region where
relatively small heat fluxes are enCOpnéered.‘ Stolz et al.(S3, 54)
introduced neny thermocouplealinside a sphere for a hetterlrepresenta-
tion of the temperature time hietory. A caleulaiiun method termed the

) "inveree heat conductinn problEm" was used'to solve for the heet trans- ’
fer at the surface(SB). In this method, the. calculation nf the transi-
ent eurface heat flux and the eurface temperature can be ubtained by .
matching (called inverting) a temperature history measured at some loca-
'tion ineide the quenched specimen. Siol; gt al. reported ‘that they
obtained gnod reproducibility. Mani-eethbre have ‘dealt with the trenf
eient\pfoblem in‘nore sophisticated. ways(B4, Ck, CSf'f1, Séo by using
'difherengxforqe nﬁ the inverse problem. Burggraf?(81$) Iina general.
paper deeling with the theory and spplication of the inverse problem

derived an_Exact solution of. it. However the word "exact" is not

necesearily true, hecauae this method makes use of inexact temperature .

A
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measurements. The limitation is not in the method but rather in the
accuracy of the, available cooling curves.

The main advantage of the caloriméter method is that it is
simple and easy to use. It is a very useful technique when relative
shart test times are avallable sugh as 1n the dropping tower used by
Merte énd Clark(M4) ta study boiling under reduced gravity conditions.
On the other hand, this method cannot account for anguler variation in
heat flux around a test -8pecimen unless many internal thermocouples
are used. Stolz et al.(S4) claim to be able to measure variations in
heat flux by this method; for example, they report that critical heat

, Flux on the top of a sphere is higher than that on the bottom.

2.2.2 Heat Flux Meter Technique

A heat flux meter, as implied by its name, gives a direct

measu;ement of yhe heat flux out of a surface after p?uper calibration.
A heét flux meter based on a design opiginaliy suggested by Gardon(Gh,

\
G5) has been successfuily used by Dernedde(D1) "and Réo(RZ) to measure
instantaneous boiling heat fluxes. ‘vamanis(Y2) used these meters to
méas;re‘the instantaneous heat flux in a scraped-surface heat excHanger..
The same type of heat flux metér was successfully used by No;thovef and
Hi tchcock (¥3) in radiation experiments.

The heat flux meter forms an integral part of the heat transfer

surface. It consists of a thin metal disk machined into a copper heat,
p .

ransfer surface; one face of the disk is irvolved with the heat trans-
fer process; the ather Face‘is {nsulated. * There are three constantan

wires saldered into the disk, oné_lecated at its centre.and the aother
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@uu at the edge of the disk. This allows the simultanecus measurement
of the surface temperature by one of the edge thermocouples; the other
tuo.provide a measure of the temperature difference between the edge and
the centre. UWhen heat flows out of the surface, the thermal resistance
of the disk gives rise to s temperature difference between the .centre
and the edgeiof the disk. This temperature difference is proportional '/
to the magnitudé of the heat flux density at thé surface. A paint on
the boiling curve can be obtainéd.by measuring the surface temperafure
éinultaneously with the éentre—to-edge thermocouple which provides the
appropriaté average heat flux densiiy. N
|

Assuming a Lnifurm heat flux over the disk surface and negligi-

ble temperature gradients over the disk thickness (radial heat flow

L —

~

only), Dernedde(D1) deriveqagn equation expressing the average heat ‘liux
density over the disk in terms of the e.m.f. generated by the pair of

copper-constantan thermocouples, viz.:

4kota AE
(a/A) = —— - (2:16)
Ro ) C )

-

where C is-a function of the thermallconductivity-variation with temper-
afure and the temperature e.m.f. characteristics of the couplé. With a
Eoppe} disk and reasonable dimensions for the heat flux meter (0.48 cm
diameter and 0.05 cm thick), the thermal gradients in thé z-direction
can be shown to be very small. The coeffigient, C, depends on tempera-
ture. Dernedde used the edgg temperature to calculate the variable C
because it is not a strohg function o% temperature. On the other hand,

at high heat fluxes the centre-to-edge temperature diffgrenée may be

)
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significant. Moreover, since the heat flux in boiling is dépendent

upon the wall temperature, the heat flux shouid vary over the disk sur=~
face. If the vériatign of heat flux with tempéra%ure is linear over
this range, then an average value will not introduce appreciable error.
The appropriate wall temperature sheui;, houever,.be the average temper-
ature of fhe disk, not the edge thermocouple &s used by Dernedde and
Rao. The question of how large a surface area is required to obtain

reliable average boiling heat fluxes still needs to be resolved. Cer-

tainly the boiling curves chtained by Dernedde and Rao far the boiling

_ of thin liquid films compared favourably with other pool boiling data.

Northover and Hitchcock(N3) use Equation 2.16 along with the meter's
average temperature in their radiation studies. Some additional analy-.
ses of other effects associated with these heat flux meters uili_bé &
presented later in Section‘h.k.Z.

In this project, this heat flux meter was used in transient
boiiing Heat trahsfer._ It bas many advantages aover the transient calo-
rimeter method. Tﬁé heat flux meter can measure Hirectly the heat flux
out of a surface bﬁt more specifically it can measuré the local heat
flux and thus easily determine angular va;iatiﬁns. Yamanis(Y2) obtained
an unstéady state solution of the heat flux meter and thus determined
the time canstant of 7 msec for a meter of similafcdimenéiohs as. used
in this work (0.397 cm diameter by .0254 cm thick). Hence with rela-
tively slow cooling of the test specimeﬁ, the meter should follow the

heat flux variations quite well.

x . . ) ‘
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2.2.3 Quenching vs Steady-State

Considerable controversy existe in the literature concerning
the uncertainty of the applicabiiity of the boiling curves obtained
ender steady-sfate conditions to those associated with transient bebav-
iour and vice-versa. Some authors say that they are equivaslent and
others argue they are not the same.

Bradfield(811) and Mer;e and Clark (M4) used transient boiling
curves assuming that there is no difference with those obtained at
stead&-state. After reviewing the literature, Bergles and Thombson(BB)
ocbserved that in general quenching experiments produced lower critﬁbal
heat fluxes at higher wall superheat when cpmpared to steaqy-state exper-
imentsl data. Moreover, the minimum heat flux was also shifted to
_higher tenperature. They did the}r own experinents and came to the
conclusion that there 15 a significant difference between boiling curves.
obtained at steady-Etate and those obtained with quenching. A carefel‘

2

examination of their experimental procedure and results suggests that

/

extremely heavy oxidation of the boiling surface prevalled.,” This prob-

" ably explains the lowering of the critical heat flux ghd the éhiﬁt.of
wall superheat to higher temperatures that they observed. More recengiy
Veres and Florschuetz(V? argued that the difference between the:steady ‘
'and unsteady-atate results that were observed by Bergles and\qhompson
arose because they falled to use the same heatere in both transient .and
steady~-state teats. _But the heaters for the two situations d;ffered
~1little iﬁ*shepe and in initial surface condition. On the other hand,

. . . .
Veres and Florschuetz did obtain similar critical heat flux results

N



y

41

under steady-state and unsteady-state conditions when they quenched the
same heaters as long as the heaters were kept fairly cleen during the
quench. They did observe that if the heavy oxide layers which formed
during the preheat period were allowed to remain on their specimen
duriQQ the quenching experiment, deviation from the stesdy-state ohser-
vations resulted. The deta of Tachibana et al.(T2) suggest that for
very rapid coolinp the critical heat flux vélue will be higher from
quenched data than from steady-state meaauréments. For relatively slow
cooiing they are equal.

More recent studies provide more detailed considerations on the
validity of,qUenching data. Johnson(J1) studied transient boiling in
water.with exponeritial heat inputs on thin metallic ribbons. His re-
sults showed that for céoling periods greater than 5 msec the iransient
nucleate boiling is a good represeﬁtation of steady-state data.
Tachibana and Enya(T3) concluded that bolling heat transfer rate
measured under rapid cooling conditions was in very.good agreement
with that obtained at éteady-atate; They observed better agreement
in the nucleate bolling regime than that at minimum heat flux. They
used a cylinder less than 2.5 cm 0.D, in very rapid cooling éﬁd found
good aéreement with steady-state data. In ‘his p¥oject a 12.7 cm 0.D.
cylinder was used mhicﬁ has more than 25 time§ the thermal capacity of

their small cylinder; therefore, the cylinder was submitted to a rela-

tively slow cooling rate.

In conclusion, this chapter has shown that the present state of

the art is not sufficient to provide the data pertinent to the present

B ot e e = v a—
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problem. Therefore, the data must be obtalned through an experimental

investigation.
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CHAPTER 3

DESCRIPTION OF EQUIPMENT AND E><{RINENTAL PRCCEDUT

v

This chapter covers the description of the various equipment
used throughout this investigation. It is divided into fogr main parts:
The first section deasls with the description of ;he apparatus used in
guenching a single horizontal €ylinder. The second section deals with
the description of the apparatus used far the steady-state‘calibratiOn
of 8 heat flux meter. This is followed by a third section which pre-
gents a description of the equipment uéed to obtain unsteady-state
measurements in an array of tubes. Finally, the fourth section dei

..scribes the apparatus used for steady-state experiments in tube bundles.

Each section contains the actual experimental procedure used for each

specific study.

3.1 Apparatus for Unsteady-State Experiments

<

3.1.1  Instrumented Copper Cylinder

It was desired to establish 16cal boiling curvés for a-long
" tube, 13 cm in diameter, at varigus conditions as described in the
Introduction. To accomplish this,'a quenching technique wes used in
which a copper cylinder, 12.7 cm in diameter by 7.62 cm long, was
heated to a high temperature and quenched in a pool of stagnant water
at the desired level of subcooling. A guenching technique wasAused‘
because to do a corresponding stcady-state experiment would reduire an
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enormgus amount of énergy because of the relatively large boiling sur-

face involved.

A diagramatic skgtch of tﬁe copper cylinder assembly is presented
in Figure 3.1. To simulate a lcng'calandri; tube the ends of the cyl}q:\-/)
der were insulated with transite disks. The transite disks were 2.5 cm
thick and 1532 cm in diameter; the inner Facé'of the transite disk was
machined to a depth of 0.63 cm aver the inner 13.0 cm diameter. This
recess accomodated the ends of the copper cylinder; the two transite
disks therefore served as a holder for the copper cylinder as well as
to insulate it electrically from the metal frame and thermally from the
surrounding liquid. The éylinder was instrumented with a heat flux me-
ter’mhich provided a direct measureméﬁt,‘upan proper callbration, of the
.local heat flux density at the surface.

A copper surface was used in this study, instead of a zirconium
alloy surface as in the calandria tube, beéause of the need for a high
thermal conductivity material to ensure that the surface of the cylinder
rémained near the average temperature of the cylinder during the transi-
ent. Since, Berenson(B6) found that the surface texture ‘and material has
little effect on the critical heat flux density, it ig expected that the
results obtained in this study should be spplicable to the calandria
tube. Copper uaé glsa chosen sa that it would be compatible with the
heat flux meter which is described In the next section: First a thermo-
couple of known temperature e.m.f. characteristics was required and sec-

L4

ondly the material of the cylinder has to be the same as one of the

connecting wires. For convenience this should be a conventional ther-

mocouple.

1
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3.1.2- Heat Flux Meter : a \ ﬁ
( ar’

This experimental project relied heavily on the performance of
a heat f}ux meter which was an integral part of the boiling‘surface."
The detalils of the heat flux meter are shouwn at the bottom of Figure 3.1.
Many prablems were encountered in the coﬁstruction of the heat flux
3

meter. Appéndix E gives a brief description of these problems. Only

the description of the final design and fabrication praocedure is given
’/
here.

The experimental program employed a disk-type heat Flux meter
which formed an integral part of the copper cylinder. A heat flu§,mefer
was first constructed in a small cylindrical ﬁlug;'1.27 cm diameter by
2.54 cm long by drilling a 0.476 cp hole fram one':lat face tqd£§thin
0.635 mm of the other flat surface; the bottom of the hole was made \
flat with a specisl drill. Thus a thin circular disk was formed on one
face of this cylinder. Using a high speed drill; three 0.279 mm hnl;s
were drilled, two on the edge and one at the centre of the thin cirCU-
lar disk. Three ;ZSA mm constantan wires were silver soldered with an
acetylene torch. GSulfuric acid was uggd to remove the oxide layer which
formed during the %oldering operation. A 1.27 cm hole was drill&g“in
the larée copper test cylinder in . order to accept the copper plug. The
dimension of the plug‘wés between o.ubz to .005 cm larger than the hole

in the copper cylinder. The plug was press-fitted into the hole using

pressures greater thad 40 MPa on an Instron testing machine. The cylin-

der and the plug were then machined together in a lathe to provide a

cyiinder of known diameter. Usually;a thickness of 0.127 mm was removed .

LR VA P U Sy . - s -
P aidenr e B BTN f Bon o8 P et Be e

’éi-
4,

i e



47

[ERRES VST W

thus leaving a nominal thickness of 0.508 m; for the heat flux meter.

The final step was to polish the entire circumferential surface with

4/0 emery péper. —~
This press-fitting procedure ensured a good thermal contact

between the plug, which contained the heat flux meter, and the rest of

the cylinder. In fact, the interfacial joint between the plug and the

cylinder was hardly discernable even under low magni?ibation. This

!

method of conéﬁiQEtion did, however, produce a number of practical dif-
~

ficulties, chief among which was the unknown exact dimension of the

-

'thitkness qf the disk. In addition, some distortion of the plug could
| result during the press-fitting operation and this could mean that the
axis of the plug wes hot coincident with the axis of the.hole. Then,

under th;s conditioé, when thg cylinder and the Plug were machined, the -
disk could end up with non;parallel faces. The effect of thisiis ana-

lyzed and discussed in detail in Appendix E.

The capper d&linder was'placed between the transite disks to

. [
insulated ends and the length used, it is expected that the region in

‘

_ the vicinity of the heat flux meter was undergoing the same boiling

3
almgst eliminate the heat trénsfer on the end flat faces. With these s §
t * ‘

phenoména_as would be experienced by a long calandria tube. The angular
locatioﬁ_df the heat flux meter could be éhanged easily to. one of seven

different gﬁgles bg holding pins located in twelve holes in the transite
" end plates. RTV 899 Silicone Rupber (Dow Corning Corporation) was used

to join the traﬁsite disks and the copper cylinder. It also provided

an extra resistance to heat losses on the ends. A steel frame FgrmJy"

held the assembly as well as providing an easy way to handle the copper
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block. The thermocouples were connected as shown on Figure 3.1 to
simultaneously provide the tefmperature difference between the centre
and the edge of the disk end also the temperature of the block. The
hole from which the thermocouple w}res protruded was filled with RTV.
R layer of RTV was also put on the bare wires near the cylinder surface.
3
Shielded thermocouple le;d wires transmitted the voltage signal from
the thermocouples t6 transmitters which in turn converted the voltage
signa%s to milliampere aignalé which were transmitted directly through
ani1i-pair shielded cable to the A/D input terminal on a Dats General

Minicomputer where the signals produced voltages in the 0-10 V range.

Appendix F describes the system used for data acquisition and analysis.

3.1.3 Steam‘Injéétiun System
Y

-

" Gne part of this experimental pro ject dealt with the effect of
live steam injection undernesth a single copper cylinder or the tube
bundle undergoing quenching. The objective of this study was to’étqu
the influence of vapour (steam) impinging on the.underside of the cylin-
der and the flow of steam over thé cylinger on the boiling heat transfer
coefficients. A diagram of the experimental system is shown in Figure
3.2. Steam from the 100 psig laboratory supply line was throttled by a
contrul valve to maintain any desired pressure upstream of a sonic ori-
fice (0.635 cm diameter). The steam flow rate was calculated from the‘

following equation(B13);

\/?’Mw | 2 ]Ly’il Po . -
oW:A . i .
oy N5 (31)

for Pupstream 2 0-5 Pdownstream
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The orifice coefficient was determined experimentqlly to be very near
unity.

- The steam was uniformly distributed over the length of the
cylinder by employing an expansion piece which has an opening rectan-
gular cross-section, 10 cm long by 0.5 cm wide. The distance between
. the steam sparger and the cylinder was adjustable from O cm to 32 cm.

The whole system was contained in a 140 liter plastic tank fillled with

water.

3.1.4 Experimental Procedure

-~

The copper cylinder was heated in an e}ec&ricgily-heated'oven
to a temperature varying between 200°C to 3OD°C, depending on the level
éfﬂ;ubcodling. A flow of nitrogen was admitted to the oven continuously
to minimize oxidation of the cppper. The copper cylinder was removed
and quenched in the tank of water at the desired level of subcooliné
(up to 309C). Readings of the block temperature and the.disk tempera-
ture difference were recorded continuously by the minicomputer. The
relatively large mass of copper meant that it cooled relatively Blowiy
and thus it was expected to’represent steady-state boiling.- In a typi-
cel experingnt under saturated conditions, the temperature of the cepper
ctylinder dropped from 215°C to 455°C in about 30 sec.; from 155°C to
115°C in about 13 sec. and f‘inally From 115°C to 104°C in about 40 sec.;
these time perioda correapond to the transition boiling regime, the
reglon of critical heat flux and nucleate boiling regime respectively.

It is implicitly assumed that the hest transfer coefficient at the disk

surface at one particular time is the same as that which would be
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obtained at the same surface temperature in a steady-state situation..
During quenching the boiling curve was obtained from the transition
regime thr0ugh to the nucleate bolling regime and included the critical
heat flux. Dne boiling curve was abtained from each quenching experi-
ment. The angular location of the heat flux meter was changed in a
random fashion after carrying out two duplicate experiments at the same
angle. {ne boiiing curves were determined at seven different angles
uniformly distributed from top to bottom of the cylinder (BDQ between
zach point).

At each experiment the copper block was exposed to air during
the period required to tranafer the cylinder from the electrical furnace
to the quenching bath. Unfcrtunately, this led to some oxidation of the
copper surface. Excessive oxidation was found to lower the boiling
curve; hence it was neceesary to polish the cylinder,lightly with &/0
grit emery paper and to carefully clean the surface before each twc or
three runs to remove the small amount of oxide Fcrmed. This procedure,

in accardance with the results of Veres end Florschuetz(V1), shauld

give data that are equivelent to steady-state resulfs. In an attempt

to alleviate this oxidation problem, the surface of the copper cylinder

was chrome-plated and nickel-plated (thicknese of about 0.0005 cm or
less). This treatment led to other prcbleme which are discussed later.
The distilled water in the tank was changed after every Pive or

six experiments.

3.2 Apparatus for Steady~State Calibration of a Heat Flux Meter

To verify the pseudo-steady-state assumption imposed on the heat
| ) : .
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flux meter used in a transient experiment and alsc to find if the cri-
tical heat flux obtained from unsteady-state experiments was the same
as the one which would be obtained from steady-state experiment, a
steady-state experiment was designed. It also served as an independent

check of the calibration procedure for the-heat fiux meter.

3.2.1 Description of the Experimental System

-A 12.7 cm in diametér cylinder, whichNhad been’calibrateﬁ using
the unsteady-state method, was drilled with fourteen holes (1.267 cm
diameter by 6.35 cm-long) according to the specifications shown on
Figure 3.3. Fourteen "Firerod" cartridge heaters (1.260 cm diameter)
were placed insiqe the holes and provided the energy reqﬁirement for the
beiling process. Each heater has 500 watt cspacity at 220V. The power
input to each set.of five hesters was controlled by & powerstat thans-
former. Four cépper-constqntan thermocouples were inserted in the
blocg to éecurd the temperatures at different locations.in Qhé qyiinder.
Dﬁly the active area aubtendgd by an angle of 76° and 5.1 cm wide was
used in this expérihent because of - the power %imitétion. The heat flux
meter was located at the centre of this boiling heat transfer area.

A set of boiling chambers, as shown on Figure 3.5, made of
. copper plate, was constructed to feed the water_%é the surface under-
going boiling and to collecﬁ the vapour,emahatigg from the surface and
tréngmit it.to a.condenser. The system was designed with two boiling
chémbers._ The outside boiliéé insulated the inner chamber from heat
loss and prevented condensation on the walis of the inside chamber.

This design was.a%su chosen pn_elimiﬁate-the edge effec£ on the boiling

2
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process and have s more accurate reading of the prevailinn averaqe heat
Flux on the surface. The outside chamber was made up of two sections
joined togethetr with flanges and sealed with a neoprene gasket. The
bottom section of the outside boiling chamber was 5.1 cm wide by 7.62 cm
long by 1.3 cm high as measured from the top of thg cylinaer. It fol-
lowed the curvature of the copper cylinder and was attached to it w?th'
RTV Silicone Rubber (Selastic 899 Dow Corning) which also prevented
water leakage from the system. Tﬁis design allowed relatively easy
cleaning of the heating. surface pfior to each experiment. Fok relative
dimensions of the system the reéader is referred to Figure Bth. The
inside boiling chamber was separated from tge_outside chambers by an
* all around gep of 0.65 cﬁ. At the bottom end,'it followed the contour
of the cylinder at a distance of 0.32 cm from it. At the'top, it was
joined to a 2.5 cm. copper tube which Qas in tu;n connected to the
condensing system. .
The water wag'Fed at near saturation to the outside chamber and

'alloyed to Flou.to the internal chamber by & series of holes at the
bottom of thé inside chamber and through the circular gap between the.
top of the cylinder anq the iﬁsihe boiling chamber. .The waterglevel
was maintained at a height of 15 cm to 18 cm during operation as indi-
cated by a sight glass; the water Flow was manually controlled. The
" water used wes double distilled énd deionized. .

- The system Qas equippea gith two sets of condensing system, one
for the inside cﬁamber and ané for the, outside chamber. The whole sys-
tem was well insulated with fiberglass insulation to minimize heat

losses. . .




3.2.2 Experiméntal Procedure

The boiling surface of the copper cylinder was first polished
with 4/0 grit emery paper and cleaned with scetone. The apparatus was

then assembled and insulated. Oeionized double distilled water was

used as the boiling liquid. The water was heated and fed to'fhe system .

at almost 1ts bolling point. During the operation, tﬁe liquid ISEel
was maintained at apout 15 to 18 cm abave the cylinder:

-The electrical. power was set at a desired value and when steady~
state was achlieved the condensate.was collected over known time interval
for both the inside and the'outéidé boiling chémberst The heat flux
" meter temperaiure and the temperature difference on the disk were re-
corded over the same time period. The experiment was repeated for ‘g -
number of difFerént power 1npups to cover the nucleate boiling portion
of the boiling curve, including very close to the critical geat flux.

It was quite common, whén operating at high heat flux densities,
‘for the temperéture of the cylinder to rise to quite high values. In
thoée cases, the power was immediately turned off and the cylinder was
.allowed to cool to a temperature lower than the temperature at which
CHF occurred; the experiment was then continued at a slightly lower
power input..

v

The heat flux meter response and the rate of condensate provided

>

& steady-state calibration factor at every point on the boiling curve.
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3.3 Apparatus for Unsteady-State Experiments in Tube Bundles

3.3.1  Description of the E;Egrfmental System

One of the main objectives of this research projectets to pro-
vide the boiling curves on & 12.7 cm in diameter tube which is located
somewhere in a bank of similar tubes hndergoing the same boiling phe-
nomena. To accomplish this, a steel Frame? as shown on Figure 3.6,
was built to support .up to 15 copper cylinders (similar to those de=-
scribed earlier) on a pitch-to-diameter ratio of 2.18. The centre col-
umn was composed of copper cylinders, each instrumented with a heat
flux meter which was.calibrated individually Sy means of a set of

unsteady-state experiments. The bundle could be moved quickly up and

down by a pneumatic hoist. Lateral movement of the hoist was eFFgcteﬁ

. by a uheeled carriage which moved on a I-beam which whs fixed in the

ceiling of the laboratory. This allowed the bundle to be removed from

a special oven, which was speciaily constructed for this experiment,

to a quenching tank. _This rectangular aluminum guenching tank was

91 cm long by 61 cm wide by 152 ctm deep; it has a maximum capacity of

about 850 litres. - A viewing window, 32 cm wide over almost the Fdll

height of the tank, was mounted on the front of the tank and it allowed

observation of_tﬁe Eoiling phenomena during the guench. The complete
tank (except the viewing window) ua; well-insulated with about 7 cm

af fibérglass insulation. An aluminum freme was built aﬁd installed

in the centre of the quenching bath to guide the bundle aﬁd‘posi£ion

it in the middle of the tank. It also inhibited any movement and oscil-

lation of the bundle during boiling.

e ot et i e w3 it e P s —
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Figure 3.7 shows the quenching bath system. The watér'uas
pumped from the bottom of the tank to the tube side of a shell and tube
heat exchanger and returned at the top of the water tank. ‘Steam was
introduced on the shell side. The temperature of the water at the
exit of the exchanger was control led by 8 pneumatic controller-steam
control valve system on the exchanger.

The tank Qas filled with fresh tap water before each experimen£
and discharged'to the drain inﬂEdiateiy after. Initially.distilled
water was used but the capacity of the(di§tilled water supply was in-
sufficient to sllow fresh water to be used for each egperiment. In
any event, it was not possible to detect any difference between tap
and distilled water. >

An electrical furnace was constructed to heat up the copper
cylinder bundle. This oven and its auxilliary equipment are shown on
Figure 3.8. The floor of the furnace was made ub of specially hard
insulating firebricks to support the weight of the bundle. The four
vertical walls of the furnace were made up of soft refractory firebricks
(Kaiser M-28). .The top of the furnace was closed with a hinged lid
which was made of fiberglass woonl insulation in an aluminum sheath
casing which héd the dimension of the outside of the Fu£nace. This
1id was opened m#nually with a rope and a pulley. The outside of the
furnace was enclosed in an aluminum box; the gap between the aluminum
box and the brick walls was filled with spin silics wool. fnsulation.

‘A steel frame was bullt which containéd rings to accept the transite .
. end pileces which were giuéd to the ends of the copper cylinder. This

frame was held in another steel frame in the oven to enﬁere that the

Fras




o

N
AR

N 7

JV
AR

T

5¢ ¢m

LN AN
NP

AR

T

2

J N

A
- \JV/

AR

o

Q

AN

NP

AN AN

AN

AN

FIGURE 3-6- APPARATUS FOR MULTIPLE CYULINDERS

° Oé;

(-]

-] [+ -]

-]

©

e—27:7 cm —3

58
» ! @
STEEL
SUPPORT RING T
| -
TRANSITE
END PLATES
9
0-63 cm / ] ]
THREADED ROD = -
.{ I
COPPER CYLINDER |7 8
(1I27cmoD. X762 11— |||
. - =
cm LONG)
- -
) +~ 4 |
277 cm ﬂm—t—lr
X

QUENCHING EXPERIMENTS

Yot v abrTAMAY 0P e W

")




THIRO FLOOR

TWITYTIFIY v v
5
PNEUMATIC ! 1 !
HOIST .

SECOMD ALOOR .
v 7
C'J?'ﬂ ;4)
® —COPPER CYLINOER ARRAY
(p=4p=4D
d TEMPERATURE GONTROLLER
P—qp— >
) D WATER RETURN
FEEDITAP WATER] %JD & CONTROC VALVE.
—— 2 X L /
= 0
- i v 1 H R l —
N N n /
QUENCHING |] ] G rear excuancer STEAM
patw TN T LR (100 pg)
. N : .
s ‘4 |-VIEWING WINDOW
N N
FIBERGLASS N N
—dq] N
INSULATION q N ; ¢
\ \ PUMP. (;9
¥ > O-steam TrRaP
FRSY fLOOR [ W[
LA Lol rrrT——
.o ‘ FIGURE 37+ QUENCHING BATH SYSTEM
v U FIBERGLASS INSULATION
P N
N .
NNNE: n:r;ué?om BRICKS ‘ ‘
)
R MARD AEFRACTORY gRICKS ’ . .
HEATING ELEMENTS
/
T T AV AN
: 9\ S Al 3R 043 sLowen
N 4 N
’ AN M 1INS -~
::\' N N
fs S COOLING WATER
(! L
. Ei'\ §_2 Y
o in [N prrlimes
PN . N
B S
N Y/ N )
, CYUNOER , CYLINDER } Y aas rxrme i m _oi
o RESERVOW
- GA3 arYY’
SEaL
)~ powe

FIGURE 3 8- BUNDLE HEATING SYSTEM

SO 1 4 Vo Pl it i % *utoe PNoe [ O V)



60,
- Lo

/{:::gpdle from touching t

The heat was provided in the furnace by nichrbme heating strips

heating elements.

_which were esnchored to the inside brick wells. Grooves were cut into
L4

the brick wall to acoépt these heat;ng strips.and stainless steel wire
held theﬁ in place. Power was 9upplied’to the system from‘an A.C.
welder at about zs,km. With this power, the heating period was about
two hours. '

Thekfurnace was also equipped with a blower which circulated
the gas within the furnace in an effort to distribute.the heat evenly
through the oven. The gas wes withdrawn from the top of the furnace and
returned at the bottom through a T-junction to both sides of the fur-
nace. This return Flny could be distributed unevenly if required by
adjustipg two dampers in the return lines. The blower'ﬁrive shaft
was equippeé with an ailécooled_seal to prevent any air from being
suckeé into it. The cooling oil was pumped from a water-cooled reser-
voir."

Oxygen was removed from the fuénace by a constant’nitrogen
purge containing about 2% hydragen. Residual oxygen was remaved by

‘ reaction with hydrogen; the red hat nichgﬁme,heaters were assumed to
effectiyely catalyze the hydrogen-oxygen reaction. The gas mixture

was introduced at the top or bottom end distributed through two large

- pipes drilled with 0.3 cm holes.

3.3.2 Experimentél Procedure

" The procedure used here waqgagsentially the same ss the ork
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used for a single tube experiment. Before every experiment the 15 cop- 3%
per cylinders were polished with a 4/0 grit emery paper and cleaned %%
! ég;’;’a
with a soft cloth saturated with acetone. Before they were placed in . ?ﬁ
the oven, gll the tﬁermocoug}es connections were verified with an

ohmeter, to detect any 1mpruher connections.

The copper cylinder array was then transferred.to the oven, the
1id closed and the oven was purged with & high flow of nitrogen gas for
about 5-10 minutes before the power was turned on. The nitrogen-hydrogen
purge stream was maintained at.92.5 and 1.85 liters/min. respeétively
(rotameter settings of 38 and 9) during the heéting_perioa ‘(550 A, 25 kW
power rate). The gas blower was.then turned .on along with its associ-
ated oil cooling system and oil-water exchange system. During the heat- ;
ing period, the gas flows were periodically checked while other func-
tions were accomplished:' calibratio% of the thermocouple transmitters, ;'
washiné of the gquenching bath syetem and periodic recordings of the
temperature distribution in the arréy. "

Fbrty five miﬁutgs before the experimént, the quenZhing bath
was Fiiled with tap water and heated*to‘the desired temperature. It
required approximately 20 minutes to fill the tank with water and about
the same period to bring it to the desired temperature. Ten minutes
priqr to the experiment, the computer program &sed for data acquisition .
was loaded in tﬁe minicomputer and initiayed, The number of_heat flux
meters and the number of individual temperatures which werg to be read
or feﬁ to the computer uére required to be. supplied at th;_initiatiOn

of the program. Just before the afray was quenched, the power to the

oven, the fan and the steam supply to the heat exchenger were turned of f',
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Thg;bundle was then removed from the oven and transferred to
its position in the'track above the quench tank (ca. 20-30 seconds)
and then lowered quickly (ca. 4-5 secondé). The respénses from the
thermocouples were recogded continuously (averaged over -0.1 second or
1 second intervals depending upon the cooling rate) in the minicomputer.
Thesevreéponses were then converted to engineeripg units and outputed
to a teletype,.a line printer or to & disk file. The actual cooling
rate depended on the initial temperature of the cylinders in the array
.and the degree of subcooling of the quench water, but usually it re-
quired less than 60 seconds to compléte the coo;ing when the water was

séturated at the outset.

3.4, ' Apparatus for Steady-State-Exﬁé}iments in Tube Bundle

The purpose of this expérimental paft was to afquire some kno@l-
edge concerniné~the steady-state boiling heaf transfer‘performance to
be expected on a é.é? cm 0.0. éube located in a Bundle\bf similar tubes
'submitfed to the same Experimental éonditiOns. This information should
add some additional evidence and information of the boiling heat: trans-
fer results obtained from the quenching experiments. .

-This section describes the apparatus used in this study, dis-

cusseé the choice of a boiling liquid and finally outlines  the experi-

mental procedure used in this study.

3.4.1 Déscriptiun of the Experimental System

The system was designed to cbtain a boiling cﬁrve which would

cover all the boiling regimes, from the nucleate boiling regime,
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including the critical heat flux to the low film boiling regime. Elec-
trical heating was rejecteé because it is def;nitely not suited for work
in the transition boiling. regime. ’;nstead, a steam-heated, horizontal,
thick-walled copper tﬁbe was used as the heating surface. This type of
heat source had the advantage that the tube'wall temperature can be
controlled to any specified value by controlling the pressure of the o
candensing steém. This meant t?at bciliﬁg heat fluxes in all regimeé,
including‘the trensition regime could be measﬁred; the apparastus also
allows the critical heat flux toibe well defined. -
The expeximéntal system is shown in Figure 3.9. It consisted

of a boiling and & conden?ing system with the condensate returning to
the boiliﬁg chamber. The boiling chémber was rectangular (91.4 cm higﬁ
by 30.5 cm wide by 30.5 cﬁ de;p) and made of/carbon steel; it was
equipped with liquid leyél sight glass alonb with two 7.5 cm diameter
viewing parts. The entire boiling chamber was insulated with 5 cm

thick fiberglass mats. Twe rectangular blank flanges were drilled '

with twelve 2.57 cm diamefer holes. (4 ‘rows of 3 holes) on a square

pitch with a pitch-to-diameter ratio being the same as that in the

CANDU reactor. These flanges were bolted to the front and back.walls-
of the chamber and covered the‘Iarge rettangular. hole in each of these.
faces, as shown in Figure 3.9. Four small Flan@ea were also constructed;
two with a single hole and the other two with twelve holes (see Figure
.3.10). A flange system was ugeﬂ to maée this equipﬁent as‘modﬁlar as
possible. This construction é{lowed the testing of a single tube dr

a bundle of the same tubes; hence, the boiling characteristice of each

tube in the bundle could be tested and evaluated and then compared with




Fvm ]

MEAT EXCHANGER

POCVT OO0 0O0O0000000000C000CO OO O

C000000

BOILING
CHAMBER

o

0000000000000 0000000C

FSIGHT GLASS

STEAM LINE (100 psig)

J— )

N\

-

CONTROL VALVE

QOO0QO00OO0

o]
[¢]
(o]
[~]
(]

.

¢

TO HEAT EXCHANGER

s
VIEW(WG W'WF&__‘T

<
.

-l

B

preee oot

koo b
\—Ntmm OR TEFLON SEAL

-

M

o

Y Y Y VY Y Yy YV

BOKING CHAMBER FLANGE

\-——- TUBE FLANGE -
¥——-w«um: TURE

.

~THERMOCOUALE

PRESSURE
CONTROLLER

FIGURE 3-9 - APPARATUS FOR STEADY-STATE TUBE BUNDLE EXPERIMENTS

BOILING CHAMBER

.

64

.S R UV

Lae SR TR VT ENIUT TN

AL

g .

ey




J

65

the observed. characteristics in the bundle. The pitch-to-diameter
ratio was vafied by simply changing the flanges and not the whole
hgiling.vesselz .

Heavy walled‘cnppér pipes (% in., schedule 80) were chosen to
minimize temperature differences around the circumﬁerence of the tube
and alleviate the problems associated with the widely Fldctuating heat
Fiuxeg in the transition boiling regime which have been alluﬁéd to by
Hesse(H3). Preliéinary tests with an unplated copper pipe showed de-
terioration of the boiling surface due to excessive o;idation and con-

tamination. The copper pipe was theq chrome~-plated to minimize fouling.

A preumatic control valve in the steam line, regulated by a pressure

P “controllgf, kept the hé%ting system at a constant pressure and there-

and the other for the two outside tubes.

fore, at constant outside wall temperature. A copper-constantan thermo-
couple was .inserted in a groove milled half way along the'copber pipe.
The thefmocouple was insulated with RTV 899 Silicone Rubber (Dew Corning

I ’

Corporatiaon). fhe cundensing steam was removed Fronnghe system through
a float-type s%eém trap and subsqueﬁtly cooled to avéid flashing prior
its collection. When twelve tubés were tested, the steam_préssure of:
each row was céatrolled indiviﬁually from the others. The condensate
Fcf a row qu cnllgcted u;th two steam traps; one éor thé centre tube .
"The vaporized heptgﬁglfroﬁ the boiliﬁg‘chamberjwas cnnﬂevged in
a set of two parallel heat egchangers and returned to the boiling cham-

ber. The areas for the two heat exchangers were 1.8 e and 1.2 me,

g

A 1o SO et Eo gl T e

A R A 575 A Sl VT B T Do AN

e ety gt SN Sk S o




3.4,2 Choice of a Boiling Ligquid

The liqﬁid must be chosen such that it is possible to obtain a
boiling curve which would include the nucleate boiling regime, the
critical heat flux valpe, the transition boiling regime and, Eossibly,

a portion u% the film bolling regime. Thgrefore, the bolling point of
the 1ligquid muif be high enough to permit operation in'ghe nucleate
boiling regioﬁ with a steam pressure gféater than atmaspheric. On the
'6éher hand, to obtain the critical heat flux and the transition boiling
;egime. the boiling temderature must be low enough to be attainable
within the limits_of the steqm supply pressure. Moreover, the critigal
heak flux must be low enough that sufficient steam- ia available to
supply the heat required As the average wall superheat at the crit1-
cal heat Flux is about 30° C, an ideal boiling point would be in the .
range of 85°C to 110°C. a . . y

There are therefore, three limitations imposed by the system:
Steam preséure, maximum steam flow rate and the capacity of the con-
dprsing system. The steam pressure determines the wall temperature and

5 impl;iitly considered %n the boiling point consideration. The steam
floo rate is a:measure of the heat supplied to the bofling liquid;
therefore, thg éritical heat flux value of the boiling'liqu;d must.not

exceed the steam supply capacity. The maximum steam flow rate available

is about. 160 kg/hr so that the critical heat flux value must be smaller s

“than about 30 m7cm2 if a bundle of ‘twelve tubes ig to be used.. A stain- .

less steei.condeneer Haviné gn area of 1.8 m% was available and its

capacity depends on the vapour to be condensed; hence only after a

1 S
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liquid was chbsen could the candeneer perfu}mance be evaluated. Another
aspect po be considered in chooeing a sultable liquid was the safety
aspects both mtte respect to flammability and toxibity.

Of the liquids considered, heptane aetiafged the criteria the
best. It was then determined that the eondenser could probably just
oﬁerate satisfactorily under the conditions envisaged. It is worthwhile
to mention at this point that it was necessary to add another condensing
sygtem in parallel with the original one even though celculation of the
area required indicated that the system was more than adequete for the

condensing duty involved.

3.4.,3  Experimental Procedure

Heptane was introduced 16 the boiling chameer. ThHe level of
liquid was meinta}ned at approximFtely 6 cm above the top copper tubet
The steam pressure was first adjué%ed to sbout 200 kPa to bring the
heptane to its boiling point. WHen the system achieved steady-state4/
the steam pressure was chenged. At each setting, -the volume of con-
aensate over a given collection, time interval, the(s%eam pressure and.
the wall temperature were recorded for’ each centre@pube. The. first
threF measurements provided an average heat flux on each tube surface.
' Thie value coupled with the aurface temperature gave a point on the
boiling burve. As a convenience, Figure 3.11.uas ueed to calculate
heaf flux values quickly.‘ This immediate drawing of a rough boiling
curve gave a'good<inEicatiun’of what the new pressure setting should
be to fill in the apprepriate values on the curve. More points were

T 4

taken in the region of thé critical heat flux as it is the most
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important esspect of this study. UWhen four rows of tubes were used, the
preséure setting on each row was set individually to provide a uniform
wall temperature throughout the bundle.

At the initiael stage of this experimental prugrém, the boiling
liquid was distilled after each run'td remove any impupitiea.that arase
during the boiling process. It was found thét after several hours of
buili;;, the heptane took on a faint yellowish colour (probably from
the neéprene o-finga used as seals) and upon vaporization left this
residue .on thz surface qf’the tube. The_surface of @he copper tube
was also cleaned with acetone prior to pach set of experiments to re-
move any fouling. This problem'diaéppeared during the final stages of
this experimental'program because the neoprene o-rings and seals were |
replaced with teflon cord (GORE-TEX Teflon Joint Sealant, Anchor Packing
Co. Lta.).

| " After gacﬁ experiment, the date were analysed on a computer and
the boiling curves were drawn. Reproducibility was tested many times
with a given tube and was found to be’ very good.

In this chapter, the description of the various equipmenis and
£he experimeéntal method were presented. In the nextichaptefs, the
results obtained with each of these apparatus will be presented and

discussed. .




CHAPTER &
HEAT FLUX METER CHARACTERISTICS AND ANALYSIS

To determine the boiling heat flux density around large hori-
zontal cylindgrs, a need was established for a local heat Flux meter
which would respond essentislly instantanecusly to the local heat flux
which existed at the point in question. such a meter has been con-
structed by modifying one which was originally suggested by Gardon(Gh4).
This modified meter was used effectively previously by Dernedde(b1) and
Rao(R2) in their experimental studies on the botling of turbulently
flowing liquid films. Since that time, fabricdation and calibratiuﬁ
te;ﬁniques have been perfected and its pérformance has been studied

in detdil. This is reported in this chapter.

4.1 Experimental ‘System

a
N

The experiment 1nvolved guenching a 12.7 cm diameter by 7.62

. long copper ;ylinder, which Had been previously heated to about ZSDOC,.
into 2 tank of water which had been heated to a desired subcpoled of
saturated boiling condition. The response from a heat flux meter wh@cﬁ
was fabricated at a pafticular point iﬁ the cylinder was then trensmitted
_ta‘and stored in a minicomputer ét specific time intervals and a boiling
curve was obtained.

Copper cylinders were used to provide a'cylinder with a high

. 3 . ’
thermal conductivity in order to minimize thermal gradients within the
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cylinder, thus Eneuriﬁg that the bolling heat flux at the surface was
not l1imited by conduction within it. Anomelous behavior was observed
if an appreciable oxide layer was allowed to accumuiate on the surface.
'Indeed, this experience asnd that with chfome—plated tcylinders suggests
that much of the controversy relating.to the differences observed be-
tween steady-state and unsteady~state boiling heat transfer can be
traced to the surface thermal resistance offered by either ﬁxide layers
or electroplated surfaces or the internal conduction problem., In this
project, the cylindeéa were heated in a nitrogen atmosphere and any
thin oxide layer that resulted from continued use was removed by light
cleaning with fine (4/0) emery paper. | |

The cylinder was equipped with a heat flux meter of the Gardon
type. This heat flux meter required that a thin disk of suitanle .iial
be b;ilt into the heat trans%er aurface; In the originsl design(G4),
£he disk waé madg 0% constantan; one copper wire was BOldede into the

centre of the disk and one was attaghed to the copper body onto which

the foll was mounted. ' )

¢

By a sinple one~-dimensional ‘conduction analysis oq/the disk,
sgsuming an insulated inner (lower) face of the disk and radial heé{

flow only, the average heat flux density over the'outé; face of éhe '
disk can be relsted to the centre-to-edge teﬁperature/diFFerence, AT,

by:

4Kk AT : ~ .
(q/A) = > (4:-)
’ Ro . . .

where t¢y and Re are the thickness and radius of the disk, respectively,
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This original design was modified for use in high heat flux
density situations as exist under beiling conditions by making the
heaf flux meter an integral part of the cylinder. The detailed con-
struction of the heat flux meter is contained in Chapter ? and 8 de-
scription of the problem encountered in its construction are outlined |

‘in Appendix E.

4.2 Factors Affecting the Design of the Heat Flux Meter

To use this heat flux meter in this unsteady-state boiling
application, it must be designed with the following factors in mind:
(1) The heat flux meter mist have a very fast responﬁe time.
Gardon(Gh)uhas shown how the time constant of these meters varies with
the dimensions and the thermal diffusivity of the meter material.
Dernedde(D1) has shown that with reasonable dimensions, the time con-
stants for copper heat flpx meters are of the order of several milli-
seconds.

(i1) The radius of the disk musf*be of suFF;cient size to be repre-
sentétive of the avefade heat flux conditions exi%}ing under thg condi-
tions of the experiment. In this case, this meang_that it m;st.éontain

sufficient nucleation siteé t0. be representativé of the average boiling

behaviour existing for the wall tempepaturé condition. It is not known

a ﬁriqri how many nucleation sites are reguired.

(i11), Since the bolling heat flux density is a strong function of
the wall temperature, the tenperéture‘yariation from the edge to the
centre of the disk must be relatively}small, even at the critical heat

flux condition. In this project, the temperature difference between

~
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edge and centre wss designed to be no more than 10°C at the critical
heat flux condition. This means that it i1s necessary to measure rela-
tively small EMF's quite accdrately since heat flux.varies 100-fold
dgring a quenchihg expe¥iment.
(iv) The choice of material is also extremely important, not only
for the need of a metal with a high thermal cénductivity-buf also that
the body should be mad; }rnm the same material as one of the connecting
wires. For convenience this should be a conventional thermocouple
msterial. In this project, the disk aﬁd the body were made of copper
and the three comnecting Qirea on the disk were made of canstantan.
In the present use ‘of the heat flux meter, the material of the
disk was fixed by the need for a cylinder which would not have the heat
Flux arod;d its boundary limited by internal eonduction, herce tne use
of caopper. Previous'experience(01) indicated Fhat 8 disk didmeter of
0.397 cm (exact rqdius fixed by avéilablg drill sizeé) gave results
which representgd builing heat transfer quite well. The qisk thicﬁpess
was thus fixed by the need to keep the edge-to-centre temperature dif-
ference within the defimed limits. In.thése experiments it was nami-

r

nally 0.051 cm. )

4.3 Experimental Pfocedure

%
The instrumented capper éylinder was heated in an electrical

oven to a temperature between 200°C and 300°C depending upon the level
of subcooling of the quenching bath. The respoﬁge of the heat flux '
meter during queﬁching was recorded using a nminlcomputer; the signals

were read at a rate of 100 values per second and averaged over a

-
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specified time interval depending on the level of heat flux st the
surface. Typical curves obtained with this averaging procedure are
presented in Figure 4.1. For more details concerning the experimental
procedure the reader is referred to Chapter 3.

One boiling curve was obtained from each quenching experiment.
The ahgular location of the heat flux meter was changed in & random
fashion after carrying out at least two replicate experiments at the
same angle. In this series of experiments, boiling curves were deter-
mined with the meter located at seven different szimuthal angles (0, 30,
60, 90, 120, 150 and 180°). Reproducibility of the data was good (about
10-15%) as long ss the oxidation of the cylinder was slight. This oxi-
dation problem was alleviated by using moderate preheat temperatures
and the nitrogen environment in the oven and periodic clearang of t-e

boiling surface.

4.4 , Calibration of the Heat Flux Meter

Although, in theory, the heat flux meter can provide a direct
measure of the instantaneous heat flux density for any glven average
wall temperature, in practice, each meter requires calibration to
compensate for uncertainties which arise in Fébrication, such as:

(1) The heat flux meter may not be constructed according to speci-~
fications, that is, the thickness and radius may differ from specifi-
cation and/or the thermocouples may not'be located exactly at the de-
sired points nor recording the expected temperature. For instance, a

few of the heat flux meters were sectioned by machining. This problem

is fully discussed in Appendix E (photographs are also shown). In
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summary, it wss discovered with one that the silver solder ran down the
wire and made a junction somewhat below the disk on the wall of the
hole.
(11) When the copper plug containing the heat flux meter was press-
fitted into the cylinder, it is possible that the axis of the plug was
not exactly parallel to the axis of the hole. The subsequent machining
operation would then produce a disk of non-uniform thickness. It was
shown by a conduction analysis employing an implicit finite difference
method @ppendix G) that a tilt of only a few degrees could induce quite
different edge-to-centre temperature differences depending upon which
side thermocouple was used. Such differences were observed experimen-
tally. Experiments did show, however, that although the calibration
factors were different, the final calibrated heat flux reswlts were the
same regardless of which actual temperature differences used. For more
details concerning this numerical method, the reader is referred to
Appendix G. T
Because these defects can be introduced aquring fabrication it
is imperative to callbrate each heat flux meter. Two separate ways
were used to obtain a calibration factor; another indirect methoa was

also used to check it. These are discussed in turn.

L.4.1 Unsteady-State Calibration

) .

A calibration factor (CF) of a heat flux meter cuh be obtained
by comparing the total enthalpy loss from the cylinder, over the dura-
tion of the experiment, with that obtained by [ntegrating the measured

(spparent) local heat flux density over the tgtal heat transfer area
\\\\
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and over the guenching time, viz.:

t
Q= pCAV(Ti=TH) = [[*(CF)- (a/Algp, dA 0t (4-2)
A

The apparent heat flux density is calculated by Equation 4.1,
assuming a uniform average heat flux density over the disk. The inte-
gral is evaluated numerically by assuming the calibration factor is
constant (iégépendent of heat %lux) and the measured instantameous heat
flux density at any angle is symmetric, uniform over the length and
pertains over an angle of *15% from the point in question. Becsuse it
was practically impossible to start all experiments for each angle at
the same time, a direct integration of the hea? flux density was impos-
sible. Instead a discrete summation over the seven angles used was
performed. A complete description of the unsteady-state calibration
is presented in Appendix H along with a variance analysis oféghe cali-
bration factor. This calibration procedure, although producing differ-
ent calibration factors for different meters, did provide excellent
reproducibility of the boiling heat flux densities from one test cylin-
der to another (within }10% in most ceses). The calibration factor was
essentially the same whether it was evaluated under saturated or sub-
cooled conditions. The average variance of the calibration factor eval-
uvated by this method using only one experiment at each of the seven an-~
gular locations was about 3%; if two experiments were used the variance

<

on the calibration factor was roughly 0.4%.
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4.4.2 Steady~State Calibration

As a check on this procedure, the steady-state experiment, as
outlined in Chapter 3, was designed to determine the calibration factor
for a particular meter directly. After the calibration factor had been
determined by the indirect unsteady-stage method, the cylinder with its
meter was used in a steady-state bolling experiment. The copper cylinder
was drilled to allow the insertion of fourteen, 500 W, 230 V cylindrical
heaters which were used as 8 heat source. A complete description of the
experimental system was presented in Chapter 3.

The condensate collection rate gave a direct measurement of the
average heat flux density on the boiling surface. The directly measured
heat flux density could be compared to that fﬁdicated by the heat ©!._«
meter and a calibration factor determined. .

Unfortunately it was found by direct observation of the boiling
phenomena that the heat flux density in the immediate vicinity of the
heat flux meter was considerably lower than that which occurred over
the reat of the surface. A conduction analysis of the temperature field
in and around the heat flux meter was performed by solving the Laplace
equation in a finite difference form. The heat flux density variation
with local surface temperature as determined with the calibration factor
from the unsteady-state method was taken into consideration in ‘the solu-
tion. Appendix I contalins & description of the methad of solution used
to obtain the temperature distribution within a heat flux meter and its
vicinity. Figure 4.2 shows typical temperature, distributions obtained'

with this analeia. This study indicates that the temperature on and
;
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in the immediate vicinity of the disk is lower than that at some dis-
tance from the meter; hence the average heat flux density over the
meter is considerably different from that over the main surface and

the calibration method failed. A temperature depression around the heat
flux meter may also occur because of some thermal contact resistance
between the plug and the cylinder. On the other hand, this effect
becomes less severe as the average heat flux density over the surface
becomes less and should disappear at zero heat flux. Therefore, the
apparent calibration factor at each measured heat flux was extrapolated
to zero heat flux. This extrapolated calibrafion factor was then com-
pared with that obtained by the unsteady-state method and excellent
agreement was found. Appendix J presents the results obtained with
Block 14 and 15. 1In both cases the calibration factor was the one
which was expected.

It should be emphasized at this point that the effect observed
during these steady-state experiments will in no way invalidate the use
of the heat flux meter during the guenching experiments since the area
surrounding the heat flux meter willaregister a lower average tempera-
ture just before the rest of the cylinder. €E£ach local area will still
exhibit the boiling phenomena corresponding to the local temperature
condition. Since the surface temperature will be different over the
meter and its immediate surroundings, some unknown averaging of the heat
flux density by the meter will occur. This will be particularly impor-
tant at the critical heat flux condition. The conduction analysis re-
ferred to Appendix I suggests that the heat flux registered by the

meter corresponded to the average temperatbre of the disk (average
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between thé’edge and the centre temperature).

These steady-state experiments also provided some valuable in-
formation. The copper cylinder was submitted to & deliberate tempera-
ture runaway, that is the cylinder went through the critical heat flux
to low heat flux densities of the transition regime. The response of
the heat flux meter was measured with the minicomputer. The power input
was turned off as soon as the cylinder passed through CHF and the cylin-
der then slowly cooled down by going relatively slowly through the CH.
The respdnse of the heat flux meterhmas also recorded with the minicomputer.
Results of this study are presented in Appendix J. These results show
that the transient CHF obtained with this method is the same as the one
which was aobtained in the single unsteady~state experiment. The CHF
is the same whether it is approached from the nucleate regime or the
transition regime, threFore showing no hysteresis in the boiling curve.
Moreover, the CH occurred at the same temperature. The cooling from
the transition regime to the nucleate boiling regime, following a
temperature runaway, was extremely slow and nevertheless has the same
CH value as in the unsteady-state experiment where the cylinder cooled
much Faster. This tends to prove that the critikal heat flux value
obtained in this study is the same as the dne which would be obtasined
in a steady-state experiment as it is independent of the cooling rate

of the cylinder, at least over the range of cooling rates observed.

[y

4.4.,3 Boiling Curve Prediction

Because of the assumptions and uncertainties inherent in ob-

taining the calibration factor for the heat flux meter, independent
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checks of the calibrat}on factor .were sought. An attempt to evaluste
the calibration factor directly from an independent steady-state exper-
iment, as seen in the last section, was not as successful as expected,
although it did suggest that the calibration factor was reasonable.
Another check of the results from the indirectly calibrated
meter was achieved by carrying out an unsteady-state conduction analy-
8is on the cylinder to predict the conling curves for particular points
on the surface of the cylinder assuming the measured boiling curves
for specific arems of the cylinder as the boundary condition. This
analysis along with the results obtained are presented in Appendix K.
At the outset, this conduction analysis was simplified by ss-

suming a uniform heat flux density over the entire circumferen.e at iy

‘instant (neglecting angular variations); thus only a 2-dimensi.aal ana-

.
L4

lysis was required (r and z directions only). An ADI (alternating
direction implicit) finite difference method was used. The assumption
of uniform heat flux was known to be invalid since severe variations

in heat flux density were observed. Nevertheless, the results of this
analysis were very encouraging and demgnstrated that it was worthwhile
improving the accuracy of the prediction. Moreover, another numerical
method based on the superposition principle was reported by Archambault
and Chevrier(A1). It was shown that this method was faster and as ac-
curate as the ADI method as long as the boundary conditions were prop-
erly formulated(T4). This methad therefore allowed the relatively easy
extension of the heat conduction analysis to the three-dimensiaonal case
thereby relaxing the assumption of unifo€m heat flux density around

the circumference. Since it accounts for the variation in the boiiing
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heat flux density around the cylinder and involves three-dimensional
heat conduction, the predictions from this method sre better than those
from the two~-dimensional analysis. The details of thig analysis are
outlined in Appendix K. A typlcal set of graphs obtained with this
analysis are presented in Figure 4.3. The agreement of the predicted
and experimental cooling curves is very good and this lends credence

to the heat flux meter calibration.

This conduction analysis was also used to predict the boiling
curves for each point on the surface. The three-dimensional analysis
based on the superposition principle was used. In this case, however,
a bolling curve was sssumed for the surface mesh points and the surface
temperature at each point was calculated after a specified time step
(the experimental time between measured temperatures). If the predicted
temperature differed by more than 0.05°C from that measured, a3 new

X
boiling heat flux density was assumed for that point and the calcula- R

tion repeated. This procedure was continued through the entire quench- /)
ing time. It was observed that small errors in the surface temperatureff//
measurement led to appreciable variations in the heat flux density,
particularly at high heat flux densitles; thus some smogthing of the
experimental cooling curves was required to minimize this variation.

This was achieved by using a cubic spline data smoothing procedure(R3).

The resulting boiling curves for all the seven angular locations and for
different conditions are contalned in Appendix K. A typical set of boil-

ing curves obteined with this procedure is presented on Figure 4.3.

The boiling curves generated by this procedure compare very well with

those obtained by the indirectly calibrated heat flux meter, thus
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suqgesting asgaln that the meter calibration procedure is reasonable

and that reliable heat tranafer rates can be measured in this way.
4.5 Conclusgion

The use of a modified Gardon-type heat flux meter(G4) for meas-
uring the local boiling heat flux density around a largenQ}ameter hori-
zontal cylinder which was quenched from a high temperature in saturated
or subcooled water wes described. The calibration procedure was pro-
vided along with a detailed conduction analysis of the temperature fleld
in and around the meter. Since this experimental program relled heavi-
ly on the performence of the heat flux meter, it was the object af this
chapter to build confidence in its ability to provide good pool boi!
heat transfer data. It can be concluded that the heat flux meter ca-
be used effectively to provide reproducible measurements of the entire

boiling curve during quenching experiments.



CHAPTER 5
RESULTS OBTAINED OV A SINGLE COPPER CYL INDER

The objective of this experimental program was to study the
bolling heat transfer performance to be expected on a 12.7 cm diameter
tube located in a matrix of similar tubes undergoing similar boiling
conditions. Improved understanding and additional data are required
for safety analysis studies for CANDU nuclear reactors. A 12.7 cm cop-
per cylinder, equipped with a heat flux meter, is used to obtain the
pool boiling heat transfer curve as a function of subcooling and loca-
tion on the circumference. This technigue offers the advantage that
the actual size of the calanéria tube is used to obtain the boiling
curve. Furthermore the boiling is carried out in water, the medium in
which the boiling information is required, and therefore modelling of
the boiling process is not required to extrapoiate from one fluld sys-
tem to another. The problem, however, still remains aé to the tempera-
ture at which a particular heat flux occurs, since this depends on the
material aqF its surface condition. Fortunately, in this case, this
information is not critical:\gnly the level of the heat flux is.

This particular series of experiments achieves two goals. It
first provides the characteristic pool boiling data for any particular
single cylinder and then also a method to calibrate each individual
meter in a given copper cylinder before it is placed in the andle.

The experimental system used in this portion is described in

\
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Chapter 3 along with the experimental procedure. In summary, the copper

- cylinder was heated in an electric furnace to a temperature varying bet-

ween 200 and 300°C dépendiﬁg on the level of subcooling of the gquench-

ing bath. It was then quenched in a stagnant éool of distilled water

which had been preheated to the desired temperature. The response of

the heat flux meter was recorded by a minicomputer and in the final

analysis, a bolling curve was obtailned for,each experiment. 3
This chapter reports all the results of the experiments per-

formed with single copper cylinders. The main emphasis is placed on

the critical heat flux (CH) of the boiling curve where it is determined

as a function of angular location, level of subcooling, amount of the |

boiling surface participating in the active boiling and the influence

of vapour injection underneath a single copper tylinder. Each aspect

will be discussed in turn.

5.1 Boiling Curves

5.1.1 Boiling Curves Reproducibility

Graﬁha of Figure 5.1 have been plotted to show the reproducibi-
1lity obtained throughout this experimental program for different condi-
tions tested: Angular locatidn, subcooling and cylinder length for

various cyli%ders investigated. The reproducibility in most cases is

very good.

5.1.2 Angular Variation

Boiling curves under saturated and subcooled conditions at
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different locastions around the cylinder are presented on Figure 5.2

for varicus copper cylinders. There is a definite heat flux density
variation as a function of angular location. There is a substantial
difference in the transition regime, especislly at an angle of 30°.

The greatest difference occurs at the CH point. In the nucleate boil-
ing regime, the angular heat flux density variation disappears and the
majority of the boiling curves lie on the same line. The point of
highest variation will be considered separately when Fhe critical heat
flux values are analysed. Some explanation will be ?éovided for the

L7
extremely low CHF encountered at 30° angl

5.1.3 Influence of Subcooling

The effect of the guenching bath subcooling on boiling curves
for various copper cylinders at various angulaer locations is depicted
on Figure 5.3. It is interesting to note that under the largest sub-
cooling the boiling curve shifts to higher temperatures. Larger le-
vels of subcooling are difficult to attain because the cylinder must
be heated initially to temperatures where the oxidation of the copper
becomes severe. The shift of the temperature at which CHF occurs with
higher subcooling will be considered in Section 5.2.6.

The results are similar to Qhat is usually observed, namely
that the nucleate boiling curves are essentially the same at any wall
tenperature for different levels of subcooling, that the nucleate boil-
ing regime extends to larger wall temperatures, and that the CHF is

usually higher as the level of subcooling is increased.
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5.2 The Critical Heat Flux Density ™

A great number of experiments were performed with single copper
cylinders and this section will attempt to extract and explain the per-
tinent results obtailhed throughout this investigation. The complete
set of data for this section is contained in Appendix C along with the

calibration factors for each cylinder which was used.

5.2.1 Calibration Factar

Because of a number of factors, a calibration factor of a heat
flux meter is required, as detalled in Chapter 4. In essence, this
indirect procedure involves compa?ing the total enthalpy loss from the
‘ cylinder, over the duration of the experiment, E&&D/%hat obteined by
integrating the appaerent locsl heat flux density over the total heat
transfer area and over the quenching time of the experiment. This
procedure was briefly described in Chapter 4. The set of equations
used in this procedure is derived in Appendix H; this appendix also
indicates a sensitivity analysis of the effect of errors in the measu-
rement of the initial tgwperature offset (zero reading sdjustment)
on the calibration factor. It is shown that the calibrstion factor is
very sensitive to the choice of the offset used to zero the base line
of the temperature difference curve and this effect can significantly
affect the calibrated{&ritical heat flux densities. In fact, most of
the variation in the sbsolute vslues of the critical heat flux densi-
ties from one cylinder to the next can be attributed to this source of

error. @n the other hand, this same analysis shows that the uncalibrated
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data is insensitive to the accuracy ;f the offset measurement. There-
fore, the results are presented as & ratio of critical heat flux densi-~
ties. This procedure should provide & more accurate indication of the
trends which were aobserved for subcooling since it removes the main
source of error, which is the uncertainty associated with the baseline
offgset and the attendant effect on the calibration factor. The critical
heat flux density obtained under saturated conditions with the cylinder
being uninsulated was chosen to be the reference point. This procedure
allows a better comparison of similar tests on different cylinders. The
problem of providing an accurste value for the reference critical heat
flux density still remains. However, an average value of the sixteen
gets of critical heat fluxes obteined under saturated conditions on a
7.62 cm long cylinder must surely provide 8 good estimate of the refer-
ence CH. Moreover, the results obtained with rhe steady-state cali-
bration (Appendix J) and the boiling curve preg@iction (Appendix K)
suggest that the critical heat fluxes obtained through the unsteady-

state calibration procedure are reasonable.

5.2.2 Critical Heat Flux Density Under Saturated Conditions

Since each of the heat flux meters in each of the cylinders was
required to be calibrated and its performence characterized before it
was inserted in the central column of the array, considerable informa-
tion was accumulated concerning the boiling phenomena around single
cylinders. 1In all, in excess aof 1000 successful quenching experiments
were performed. This allows the reproducibility of the experimental

system to be evaluated as well as providing very good estimates of the
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distribution of heat flux density around a large diameter horizontal
cylinder under saturated and subcooled conditions.

A1l the information on the local values of the critical heat
flux density as a function of angle for bolling under saturated gondi-
tions around a 7.62 cm cylinder is summarized in Table 5.1. In most
cases, the reported values are the average for two or more separate
experiments. Apart from the behaviour of & few cylinders, the values
of the loqgl critical heat flux density at any angle are remarkably
close to tae average of the local values at the point in question for
all cylinders, even though, the calibration factors show wide varia-;

3
tion from cylinder to cylinder.

5.2.3 Effect of Length of Cylinder

Since the object of this experimental investigation was to
provide information on the boiling phenomena around very long cylinders,
it was important to determine if the observed boiling heat flux densi-
élesfmere affected in any way by the use of relatively short copper cy-~
linders. It must be remembered that the short length was required in
studying the boiling phenomena in an array of cylinders under subcooled
conditions. In that experiment, if long cylinders were used, the sub-
cooling would change significantly during the quenching time unless an
unreasonably large vglume of water was used. The effect of length was
nevertheless 1nveatfgated using three different cylinders which were
twice the length of the usual test cylinder. The critical heat flux
resuita from these experiments 1nd1caféd an average CH value of about

20% higher than for the short one. The full results are shown in
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Table 5.1.

Some other experiments were also performed to discriminaste
among any other confounding effects:
(1) By conducting the quenching experiment in a larger test tank,
it was determined that this increase in CH did not result from fluid
mechanical effects arising because of cylinder-to-tank dimensions
(Cylinder 8, runs 28 to 32). |
(11) R possible cause of this effect may be that the insulating
transite end pleces, which protrude sbout 0.6 cm above the copper cy-—
linder, may impede the liquid-vapour flow over the central active
6.35 cm length. Two tests were conducted with the 15.24 cm cylinder
(Cylinder 15). One test involved insulating the outer e;tremities of
the cylindrical surface with 0.25 mm thick teflon sheet; this left
central asctive length of 10.16 cm for one test condition and a 6.35 cm
length for the other (Runs 20 to 42 and 47 to 62 respectively). Since
the same heat flux meter was used in these experiments, a direct compa-
rison is possible and the confounding effect of different calibration
factors is removed. Table 5.1 summarizes the CHE results of Cylinder 15
and it can be seen that the results for the 6.35 cm length, although
slightly higher, are still within the observed variation from cylinder
to cylinder of the smaller length. The results for the cylinder of
intermediate length are the same as for the smallest length. As s
Furtherktest of the experimental apparatus, the effect of the protuber-
ance of the transite end pieces was investigated by placing two sepa-
rate transite rings, of the same height as the end pieces, around the

teflon insulated, 15.24 cm tylinder for the two active lengths
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investigated (Runs 43 to 46 and 63 to 67 respectively). Since essen-
tially no change in CH was observed, it may be concluded that the
transite end pieces do not inhibit or affect the liguid-vapour around
the cylinder.
(ii1) To further test the length effect, the two long cylinders were
cut to 11.43 cm and then, after testing, to 7.62 cm lengths and quench-
ing experiments under saturated conditions were performed with them
(active boiling lengths of 10.16 cm and 6.35 cm respectively). The
results are presented in Table 5.1. Again the CH values are essen-
tially the same as for the other cylinders with these active lengths.

It can be concluded therefore that the critical heat flux den-
sity for the longest cylinder is approximately 20% higher than that for
the shorter ones. This effect is unexplained, but may be relsted to
the increased natural convective flow generated by the longer cylinder
(greater total fluid flow movement in the tank giving rise to a greater
convective effect). In addition, it is possible that a situation simi-
lar to the results on flat plates discussed by Lienhard(L&4) prevails;
in this case, the length of the cylinder would greatly influenced the
number of escaping vapour jets that the cylinder can accomodate and in
turn the cg%;ical heat flux value. The effect of thermal capacity or
rate of cooling and axial temperature gradients within the cylinder
must be ruled out because of the observations made with the partially
insulated cylinder.

It was, however, experimentally impractical to use a 15.24 cm
long cylinder in the bundle since these cylinders take substéntially

longer to heat up énd would have such a high thermsl capacity that the
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water under subcooled conditions would have its temperature raised

substantially.

5.2.4  Anqular Variation of Critical Heat Flux Density

The twelve holes which were uniformly distributed on the trans-
ite end plates permitted tests to be performed with the heat flux meter
located at seven different angles. Usually two runs were made with the
heat flux meter located at a particular angle and then it was changed
randomly to cover all the circumference. The results are contained in
Appendix C and summarized in Tables 5.1 and 5.2 for saturation and
subcooled conditions respectively. The results summarized in these
two tables do show a definite variation of CH around the cylinder which
has heretofore not been reported. Figure 5.4 was drawn to 1llustrate
this variation in CHF relative to the average CHf for the cylinder for
the five subcooled conditions investigated. The angular variation of

CH for saturation and subcooled conditions will be discussed in turn.

Saturation Condition

As depicted in Figure 5.4, the critical beat flux at saturation
boiling shows a variation with angular position with the maximum occurr-
ing at the top of the cylinder (09) and the minimum occurring at an
angle of 307 from the top of the cylinder. Although the CH at the
top is usually more than 50% greater than that at 300, the CH at other
angles, although somewhat lower than that at the top, is approximately
the same and roughly equal to the overall average CH . Under saturated

conditions this observed phenomena is similar for all cylinders (except
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for cylinder 14 which seems to be anomalous); furthermore, as shown
in Table 5.1, it is independent of the length of the cylinder.

It was suspected that this variation around the cylinder re-
sulted from the variation in the time at which the laocsl surface temper-
ature went through the critical heat flux. If the critical heat flux
occurred first at the top and then at other points around the cylinder,
the cooling effect could be transmitted to other parts of the cylinder
and, consequently, the local temperature, at say 300, would pass through
the critical heat flux too quickly to allow the local surface tempera-
ture to remain gt a high value for the required time to establish the
conditions appropriate for boiling conditions at the critical heat Flux.
The following points are presented to shaw that this hypothesis cannot
be substantiated:

(1) A graphical representation of the total boiling curve for

this point shouws conti?uity in the data points near the CHF.

(i1) Many experiments were performed with a cylinder (Cylinder 6)
equipped with five heat flux meters and in all cases the critical heat
flux occurred essentially at the same time for all points. (Results
for Cylinder 6 are naot presented here because, during the recording of
data by the computer, there was interaction amongst heat flux meters
which were located on the same cylinder. It was possible nevertheless

to determine the time at which each CHﬂ occurred).

(1i1) High-speed motion pictures (ca. 1000 frames/sec.) were taken of
the vapour flow occurring over the entire cylinder during quenching.
4

This involved photographing a cylinder in the direction of the flat

face with a Fastax camera, the ends of the cylinder being insulated
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with high temperature RTV silicone adhesive. These pictures suggest
that the pulsating upflowing vapour separated in an intermittent fash-
ion at about 30°. Hence it seems reasonable to assume that the minimum
value arose from external hydrodynamic effects rather than the internal
conduction effects.

(iv) When the cylinder was partially insulated (as will be described
later) so that the active heat transfer ares was subtended by an angle
of 60° (or less) from the centre, the heat flux density at 30° was
higher than that measured for the uninsulated cylinder, although the
area at the top of the cylinder was participating in the beiling phenam-
ena. That is, to say, that when the point at 30° is not influenced by
the vapour flow from below, the critical heat flux density is essen-
tially the same as for other points on the cylinder.

(v) Under subcooled conditions, where the vapour generation is
suppressed, a minimum in CH did not occur, slthough the critical heat
flux density at the top was even higher than that observed under satu-
rated conditions.

It can be concluded, therefore, that the variation in CHF around
the cylinder is directly related to the fluid mechanical behaviour of
the liquid-vapour around the cylinder. In fact Figure 5.2 shows that
the boiling curve at 30° is considerably lower than the others not only
at the CHF but also in the transition regime; the effect disappears in
the nucleate hoiling regime. The maximum effect though, is at the CHF

at which point the greatest amount of upward vapour flow occurs.
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Subcooled Conditions -

The wide variation in local CH around the cylinder with dif-
ferent subcoolings was not expected. The maximum occurred at the top
far subcooling from O to 10°C; the minimum at 30° angle for sasturated
boiling disappeared when the {}quid was subcooled 10°C or more. As
subcooling was increased, the 6;;imum at the top disappeared. As al-
ready noted, high speed motlion pictures revealed intermittent separa-
tion of the upflowing vapour-liquid boundary layer at the 30° 1ocation
for saturated boiling. It is probable that, under these conditions,
the upflowing fluids enhanced the critical heat flux at the top. Motion
picture studies under subcooled conditions did notlreveal any obvious
fluid mechanical effect since the vapour bubbles collapsed in the -ear
vicinity of the wall and hence did not provide flow visualization of
the upwarq liquid flag. No doubt the local subcooling decreases as the
upward flowing liquid proceeds around the cylinder. This and other
interactive effects of the natural convective flo& and the farming and
collapsing of vapour bubbles should play a primary role in affecting
local CHF. These phenomena would probably be revealed using inter-
ferometric photographic techniques.

However, the variation of CHF with angle is much less pronounced
at subcooling greater than 1D°C, thus, tending to reinforce the belief
that the variation results from the bulk vapour flow, since it is almost

absent at these subcpolings.



104

5.2.5 Effect of Subcooling

Subcooled boiling is an important aspect in the gafety analysis
of CANDU nuclear reactors because the heavy water contained in the ca-
landria is maintained at a high degree of subcooling. Therefore it is
necessary to establish the boiling curve to be expected on a calandria
tube surrounded by a subcooled liguid.

Five different temperatures of the gquenching bath were used:
100%, 95°C, 90°c, 80°c and 70°C.  The complete data are contained in
Appendix C and summerized in Tables 5.1 and 5.2. The effect of sub-
cooling on the whole boiling curve and on the angular variation of the
critical heat flux density has already been considered. In this sectiaon,
we consider the sverage heat flux density for the entire cylinder, t ot
is the integrated average value. The percentage increase of this aver-
age value with degree of subcooling is alsc indicated in Table 5.2 for
each cylinder.

The important points to be noted are:

1) As expected, substantial increases in CH occur as the level

of subcooling increases. As shown in Table 5.3, the percentage increase
is predicted gquite well by the equation presented by Ponter and
Haigh(P5), (Equation 2.12). This equation was based on boiling water

on @ 5.8 mm stainless steel tube; Ponter and Haigh reported s standard
deviation of about 0.1. Note that the level of subcooling was corrected
to include the enthalpy addition to the water from the cylinder up to

the time when CH occurred. This level of subcooling is about 90% of

the initial subcooling (see Appendix L). This correction is believed
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to be on the conservetive side. The results are close to those pre-
dicted by the correlations contained in the references shown in Table
5.3 and Figure 5.5. Table 5.4 summarizes the equations used to compare
the experimental data obtained in this study. The physical properties
contained in Appendix A were used throughout.

A linear least squares fit of the experimental data produced

the following equation:

(q/A)c,sus
— = |0+ 00437 ATsus 5N
(q/A)c,sat

with 8 standard deviation of .03.

5.2.6 Surface Temperature at the Critical Heat flux

It is of interest to look at the surface temperature at which
the critical heat flux density occurred for each guenching experiment
and construct a histogram to indicate the extent of the varistion in
this tempersture. The probability density function plot for one copper

cylinder is shown in Figure 5.6. It will be noted that there was con-

siderable variation. This is to be expected, however, for the following

Teasons:

¢D) The temperature at which the critical heat flux pccurs is knouwn
to be a function of condition of the surface and the state of oxidation
of surface. Although the cylinders undergo {he same surface treatment
prior to each experiment (rubbed lightly in the circumferential direc-

tion with 4/0 emer{y paper to remove any oxidation products), there is

-
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no doubt that some variatiop existed in both the surface finish and the
oxidation state from experiment to experiment.
(1%) There was a difficulty in determining the exact temperature
at which the critical heat flux occurred since there was considerable
fluctuation in temperature and heat flux before and during the critical
heat flux. Moreover, the heat flux dengity versus temperature plot did
not exhibit a sharp maximum. In fact, the surface temperature was
chosen a8s the one which occurred at experimentally measured maximum
heat flux density (as determined by a search conducted by the computer);
hencﬁ'it was not obtained from a smoothed boiling curve. Consequently,
this temperature may exhibit a wider variation than might have actually
occurred because the fluctuation in heat flux may bave given rise to
a false maximuw.
(111) As suggested by Figure 5.2, the boiling curve at 30° angle under
saturated conditions showed a very low heat flux density in the transi-
tion reqime and the CH at this location usually occurred at an abnor-
mally low temperature (temperatures where other parts of the cylinder
were exhibiting nucleate boiling). Table 5.5 indicates this low temper-
ature tendency for most of the copper cylinders investigated. Therefore
the low temperature data in Figure 5.6 arise mainly from this source.
The mean surface temperature at CHF and its standard deviation
for each cylinder are also reported in Table 5.5. It is noted that the
variation from cylinder to cylinder is fairly high although the standard
deviations are consistent from cylinder to cylinder. At least some of
this variation can be explained by the effects discussed in Appendix E,

namely the actual location of any particular edge thermocouple and what
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temperature was actually recorded by it. Apart from the low temperature
at 30° angle under saturation conditions, there does nat seem to be any
other effect of angle on the mean temperature at which CHF occurs.

The wall temperature when the critical heat flux occurred under
subcooled conditions can be obtainmed in a similar way from each experi-
ment. Table 5.6 reports the results of this analysis as the increase
in thls average temperature as the degree of subcooling was increased.
These results show a direct comparison of the increase in average wall
temperature, at CH conditions, for each cylinder as the level of sub-
cooling was increased. Four separate subcooled values (four different
cylinders) are avq;lable for 20°C subgcooling and each value shows an

approximate increase of sbout 159¢. '

5.2.7 Effect of Partially Insulating the Cylindrical Surface

In the postulated accident sequences in & nuclesr reactor only
part of the calandria tube periphery may be in active boiling. There-
fore, to assess this effect of only a partially active surface, a part
of the test cylinder was insulated with a thin teflon sheet, 0.05 mm
thick. " The teflon sheet was glued'onto the surface to leave a bare
area aver the length of the cylinder and subtended by an azimuthal
angle of 30° or 60° (1/12 or 1/6 of total area, respectively).

Experiments were performed with thesge partially insulated

!
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cylinders to investigate the effect of subcooling. The complete set
of data is presented in Appendix C., Tables 5,7 and 5.8 summarize all
the results obtained with these experiments for a 60° and 30° subtended
angle respectively. These tables express the average percentage in-
crease in the critical heat flux for the partially insulated cylinder

over that observed for the bare one. The most important ocbservations

are noted as follows:

(a) Under Saturated Conditions

Tﬁé critical heag flux was essentially the same for the par-
tislly insulated as for the bare cylinder except at the 30° and 90°
angular locations. The largest increase occurred at 30° where the
average increase was about 45 to 50%; very little difference was oo-
served between the two cyiinders which had different fractions of their
areas insulasted. As indicated earlier, this effect has been attributed
to the hydrodynamic effect of the vapour-liguid flow around the cylin-
der. High-speed motion pictures showed periodic detachment of the up-~
ward flowing vapour layer at about an angle of 30%. uWhen the surface
was partially insulated, this large vapour flow did not exist and the
boiling phenomena was therefore more like any other position on the
cylinder. This observation suggests that the periodic detachment of
the vapour layer and the associated liquid-vapour movement affected
the vapour packing on the surface or the liquid movement to the surface
and hence csused a lower critical heat flux.

The relatively large increase in heat flux at the 90° 1ocation

is thought to be similarly caused by the different(smaller) vapour flow
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at that location with the partially-insulated cylinder. High-speed
motion pictures again revealed some vapour detachment at this point

when the whole cylinder was active.

(h) Under Subcooled Conditions

Under subcooled conditions the critical heat flux at the top
of the cylinder was less for the partially insulated cylinder. when
the whole cylinder actively participates in the boiling process under
subcooled conditions, a considerable natural convective flow of liquid
from bottom to top develops. When the cylinder is partially insulated,
this flow will not be nearly as large. Consequently, the heat flux is
expected to be less for this latter case.

It is interesting to note that the limited data for the 60°
(subtended angle) active boiling area, the percentage increase in fke
average CH does not seem to be a function of subcooling, being about
1% for all conditions. On the other hand, decreasing the active area
produced a more substantial increase in the overall average CH .

It is further noted that the critical heat flux at the bottom
of the cylinder was observed to be essentially the same for the bare
and the partially insulated cylinders. Boiling bebaviour at this loca-
tion is probably the most important relative to the practical problem
of a postulated accident.

In summary, the critical heat flux at any point on a cylinder,
whose surface is partially insulated, is never less on the active boil-

ing area than that which would be observed for a cylinder undergoing

boiling over the entire area. At some angular locations, the heat flux
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density is considerably higher for the partiamlly insulated cylinder.
The lower CH observed at some locatlions on the bare fully sctive sur-
face is attributable to the interaction of the upflowing vapour with

the bolling phenomena.

5.2.8 Effect of Vepour Injection Underneath a Single Copper Cylinder

The data on the boiling heat flux density at loeal points on
cylinders in a multiple~tube array (as will be discussed in Chapter &)
provide valuable information on the effect on local boiling heat trahs-
fer of vapour flowing from below and impinging on the underside of the
cylinder. Although that experimental system was useful in demonstra-
ting the effect and defining the problem, unfortunately it was very
difficult to control the amount of vapour rising tnrough the a:ray ot
any instant in time. Moreover, the vapour flow changed continuously.

In addition, considerable effort and time wss required to do one expe-
riment and then the information obtalned during any particular experi-
ment was only applicable to one point on any particular cylinder in the
array. Once it was established that there was an increase in heat trans-
fer rate and not a decrease, as would be expected if there was in imped-
iment by the tubes to vapour flow (@ form of vapour blanketing), it was
decided to attempt to quantify this effect better and alleviate same of
the other difficulties by deaigniné a new experiment. The details of
the experimental system have been presented in Chapter 3. In summary,
the normal quenching of a single instrumented cylinder was carried out .
but in addition steam was injected continupusly from a sparger at a

known flowrate. The sparger-to-cylinder distange could alsc be varied.
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The three different vapour flowrates used are shown in Table 5.12. In
addition, three different sparger-to-cylinder distances were used:
6 cm, 19 cm and 32 cm. At the 19 cm distance, boiling curves at only
the 180° location were investigated for the three different steam flow-
rates. For the other two cylinder-to-sparger distances, boiling curves
were established for every location on the cylinder with the three
different steam flowrates.

Cylinders 22 and 23 were used in this set of experiments. Table
5.9 summarizes the essential results, namely the average percentage in-
crease in CH for the experimental conditions indicated. The complete
data set is contained in Appendix C.

The results indicate that the overall, surface averaged criti-
cal heat flux from the cylinder increased relstively little (ca. 27%
maximum) as the sparger-to-cylinder distance increased. It is interest-
ing to note that this average CHF was essentially independent of steam
flowrate although this flowrate increased about threefold. Obviously
at each sparger distance there must be an effect of vapour velocity
because an increase was observed. Unfortunately the experimental sys-
tem wpuld not allow use of lower steam velocities (because a minimum
critical pfessure ratio was required across the sonic orifice) to allow
this threshold velocity to bé determined. On the other hand, a decrease
in average CH should be observed at very high steam velocities when
vapour blanketing should occur. Again the limitations of the experi-
mental system did not allow higher steam velocities to be employed
(considerable water was blown out of the tank at the highest flowrates).

The effect of sparger-to~cylinder distance was not expected.
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TRBLE 5.12

VAPOUR VOLUMETRIC FLDW RATE

CORRESPONDING TO UPSTREAM PRESSURE

UPSTREAM STEAM MASS FRACTION OF
PRESSURE TEMP. FLOW RATE CHF AT SAT.
(psig) (%K) (g/8)
100 Ly3 . 39.3 3,17
60 434 25.9 2.03
40 429 19.1 1.54

20 L26 12.2 .98
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Certainly the steam bubbles will require time to accelerate to their
terminal rise velocity. Also, the vapour will cause liguid to flow
with it. The effect shown then is really an effect of the rising
vapour-liquid velocity at the point when it impinges on the cylinder.
This higher velocity produces a greater forced-convection effect and
probyably increased turbulence in the boundary layer surrounding the
cylinder. .

At the same time, this forced convection effect was observed
to change the distribution of heat flux around the cylinder. Figure
5.7 shows the polar plot, for some of the experiments, of the percent-
age change in local CHF resulting from steam injection under the cylin-
der®. In general, it wes observed that the local critical heat fluxes
over the lower portion of the cylinder (where the upflowing vapour
first impinges) are much higher than over the rest of the cylinder.
To illustrate this effect two boiling curves, one with and the other
without steam injection, (at 180° location) are presented in Figure
5.8. This is important in the practical situation envisaged for if a
loss-of -coolant accident should occur, the pressure tubes in s CANDU
nuclear reactor would probably sag under the weight of the fuel bundles

and then contact the calandria tube at the. bottom.

* It must be noted that the variance in the CH* was much greater faor
the experiments with vapour flow. Part of this can be attributed to
the phenomena occurring and part to the fact that only one or two

experiments were performed at each arigle.
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1860 180

FIGURE 5.7 - VARIATION OF LOCAL CHF AROUND A CYLINDER OBTAINED WITH STEAM INJECTION
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To simulate this situation better in this current set of exper-
iments, Cylinder 22 was insulated so that it had an active area sub-
tended by an angle of 60%. The quenching experiments were performed
with a steam flow corresponding Fo an grifice upstream pressure of 40
psig and the dparger-to-cylinder distance fixed at 32 cm. This steam
flowrate corresponds to about six times the amount of vapour which
would be produced by a partially insulated cylinder under critical heat
flux conditions; the sparger-to~-cylinder distance is about the distance
between calandria tubes in a CANDU nuclear reactor. The locel critical
heat flux results for these experiments in which the active area and
heat flux meter were centred at specifiq azimuthal angles are shown in
Table 5.11; the observations with and without steam injection sre listed
along with the percentage changeiﬁesulting from the steem injection.
These results show once mare that there was a considerable increesse in
CH at the bottom of the cylinder., It is interesting to note that there
was a relatively lower criticel heat flux value at 30°. This observa-
tion supports the hypothesis that this lower critical heat flux under
saturated bailing cond;tiuna is caused by the hydrodynamics of the

upward vapour flow around the cylinder.

1

5§2.9 Boiling Curves with a Plated Cylinder

LY

During the inlitial stages of this experimentsl program, an at-
tempt was made to alleviate the copper oxidation problem by electroplat-
ing the cylinders with chromium, gold or nickel. This procedure: hot=
ever, led to othar unexpected probiems as discussed below.

It waé immediately apparent that there was substantially



122

different behaviour between bare and plated cylinders since the total
cooling time for the plated cylinders was much longer than that for the
bare one. For example, for oné nickel-plated cylinder, the cooling
time was 96 seconds whereas that for the unplated one was 46 seconds
for the same temperature range (205°C to 116°C). Then the nickel was
removed from about 1/3 of the surface (in the region of the heat flux
meter) and the corresponding cooling time was reduced to 78 seconds.

The reason for these observations becomes immediately apparent
when the boiling curves are plotted for each of the guenching runs;
these are shown in Figure 5.9 for the nickel-plated cylinder and for
the nickel-plated one which had the nickel removed in the vicinity of
the heat flux meter. It is noted that the boiling heat flux in the
region of the critical heat flux is considerably reduced; in fact the
maximum heat flux recorded for the plated cylinder is only 60% of that
for the unplated one. At lower heat flux densities, the heat flux
density does not seem to be influenced by the plating (comparing the
results for the totally-plated and partially-plated cylinder). At
heat fluxes above about 65 w/cmz, the plated cylinder indicates a pro-
gressively greater difference in heat flux density.

This observation may not be explained by th thermal resistance
offered by the plated material. Indeed, the results are essentially
the same for hard as well as decorative chrome whether it be a "flash
electroplate” (0.0008 cm thick) or a more substantial thickness (0.0025
cm). On the other hand, this observation may be explained by postu- |

latipg a substantial thermal contact resistance between the plated
oL
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material and the underbearing copper surface. Hence, as the heat flux
at the outer surface increases, a grester temperature difference exists
between the copper surfece and the outer nickel surface. As discussed
by Hesea(H3), the outer surface temperature of the plating is determined
by the instantanecus heat transfer rate to and from this thin metal
layer and its thermal capacity. Since the resistance to tranefer to
the metal layer seems to be high and the thermal capacity of this layer
is extremely small, the temperature history of the layer will be such
that it only momentsrily has a temperature corresponding to that at the
critical heat flux. Thereggre the critical heat flux is not achieved
but rather some lower heat flux corresponding to a temperature where
the instantaneocus rate of heat transfer to the plated layer equals the
instantaneous rate of heat transfer away from it. Thus the boiling
curve is influenced considerably in the region of critical heat flux

as was gbserved and as Heése'a analysis(i3) predicts.

Since the quenched specimen loses most of its heat content when
it goes through/the critical hest flux, it ia not surprising that the
total cooling time was drastically increased because of the lower maxi-
mum heat flux density.

A careful examination of Bradfield's results(B811) clearly de-
monstrates that he experienced the same problems in his study where a
chrome-plated copper sphere (6cm in diameter) was quenched in a water
bath. He obtained a critical heat flux value of 50.5 W/em® for a 5° C,
subcooling in distilled water. This value is approximately one third
of the expected critical heat flux from a surface at these conditions.

Therefore plating seems to bring asbout sbnormal puoi boiling data when
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quenching techniques are used. This would not be the case in steady-
state experiments because to obtain a given heat flux, & thermal driv-
ing force is applied to the boundary to keep the heat flow constant.
Plated surfaces have been used to generate data for very high heat
fluxes under steady-state conditions by many researchers without en-
countering any of the above problems. On the other hand, 1t should be
. emphasized that a heavily oxidized surface could manifest the same kind
of behaviour as was observed with the plated specimen here. Again the
thermal resistapce of the oxide layer will not allow the outer surface
temperature to be sustained for any appreciable time under high heat
flux conditions; hence, lower maximum heat fluxes should be observed for
quenching experiments only. These observations explain much of the
controversy in the current literature(B88) concerning the use of

unsteady-state experiments to generate boiling curves.

5.3 Closing Remarks

Since the primary interest in this study was on the critical

heat flux, the heat flux meter was designed to give greatest accuracy

-
~

gt high heat flux density. Hence the program concentrated on demon- )
strating effects and measuring the critical heat flux density as a

function of angular location and subcooling of the boiling liquid. It

was shouwn that‘the overall cfi;ical heat flux at saturation on a single
copper cylinder is 110 ul/i:m2 with a standard deviation of about 12 m/cmz.
This value is exactly the critical heat flux density predicted by the

Zuber's equation(Z4) for a flat plate. Lienhard's equation which is

also based on the(gydrodynamic'atability model (S5), predicts that the

-
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criticel heat flux for large cylinders should be 99 w/cmz, that is 0.9,
times that predicted by Zuber's equation. Lienhard claims that his
correlating equation has an accuracy of *20 percent. The experimental
average criticel heat flux densitie; are therefore within the range
expected by either the Zuber or the Lienhard correlations. On the
other hand, cne cannot but feel that these predictions are somewhat
fortuitous since nelther analysis suggests any vartation of CH with
position, nor do they consider the influence of vaepour hydrodynamics
other than that generated locally from the heat transfer surface. This
experimental program has shown that the vapour flowing up around the
cylinder does interact with the boiling phenomena‘to produce consider-~
able varpation in heat flux density around the cylinder.

Similarly it 18 shown that the percentége increase in average
critical heat flux with level of subcooling is predicted very well by
the equatiaon proposed by Ponter and Haigh(P5) although again there is
considerable variation of local CHF with position. Moreover, this
variation can be attributed to the natural convective flow of liquid
(hydrodynamic effect) and some to the local decrease in level of sub-
cooling that occurs in the liqu it is heated while flowing upward

around the cylinder. (



CHAPTER 6

RESULTS OBTAINED WITH THE ARRAY OF CYLINDERS

6.1 Introduction

In the postulated accident situation in a nuclear reactor, many
fuel channels may undergo the same behavigur nearly simultaneously.
Thus, the boiling phenomena that occurs on any one tube may be affected
by the boiling phenomena which may be occurring on the others, particu-
larly by those located below the tube in question. Intuitively, it is
possible to state that there may be two effects which induce completely
opposite results: One, an increase in heat flux brought about by the
increased forced convection heat transfer arising from the upward vapour
and induced liquid flow; the other, a deg;ease in heat flux resulting
from partial blanketing of the tube by the upflowing vapour. An in-
crease or decrease in heat flux will result depending upon which effect
predominates. In the literature, these interactive effects are referred
to as the "bundle effect"(R5). Note that as long as the liquid is sub-
cooled, rising vapour will not exist and so the vapour blanketing effect
does not exist. In such situations, however, the liquid méy become
locally saturated and then va50ur will persist; hence the bundle effett
becomes important for the problem at hand. Therefore, an experiment
was designed to asssess this bundle effect at the critical heat flux for
saturated boiling conditions.

1
}

(
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In this experimental system, a bundle comprising a maximum of
5 rows and 3 columns of 12.7 cm diameter by 7.62 cm long cylinders on
a 2.18 pitch-to-diameter ratio was held in an open-structure frame
containing rings which, in turn, held the insulating transite end pieces
of the cylinders. The centre column was comprised of five instrumented
precalibrated copper cylinders; the cylinders in the outer columns,
which contained surface thermocouples only, maintained the vapour-liquid
boundary conditions to simulate the conditions which could exist in the
calandria of the CANDU nuclear reactor under the accident conditions.

The entire bundle (and frame) was heated to a temperature be-
tween 200° and 300°C in an electrically heated oven containing a nitro-
gen-hydrogen atmosphere, the flowrate of hydrogen gas to the oven was
such that the hydrogen concentration never exceeded the combugtion
limits in air. The hydrogen was used éu purge the oxygen by reaction
with the red hot bare nichrome heating strips in the oven acting as
catalyst. The gas in the ouen was circulated continuously from top
to bottom by an external blower in an attempt to improve the heat trans-
fer rate to copper cylinders and to achieve a uniform temperature
throughout. This latter objective was only partially achleved in
practice; the upper cylinders were usually about 3Q¢500C hotter than
the lower ones.

After the array reached the desired temperature,/the entire
bundle was 1ifted from the oven and transferred to a track located in
a 600 liters rectangular aluminum tank, in which the water had been

previously heated (by an external steam-heated exchanger) to the desired
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temperature. The bundle was then lowered quickly (in shout 5 seconds)
into the water and the 8ignals'from the thermocouples were fed continu-
ously to and recorded in a minicomputer. Ffor a more complete descrip-
tion of the experimental system the reader is referred to Chapter 3.
This chepter prasents and discusses the main results obtained

with this series of experimenta.

6.2 Discussion of the Results

In the first phase of this experimental portion, only three
~XQus were fitted with copper cylinders (Run 1001 to 100-13). Since
theas experiments were used mainly to develop and perfect the experi-
mental procedure, the study was reatr;cted to saturated conditions and
to the heat flux meters facing down (180%) only., Some information was
obtained and is reported below. Later two more rows were added and'the
array was quenched in bolling water and in water at 20°C subcooling;
again all the heat flux meters were facing down (180%). It wes realized
at that stage, that 5 rows were not eﬁough to provide a decrease in heat
flux at any point and it was decided to try to simulate additionml tubes
by injecting live steam underneath the centre column. The same steam
injection system which was used with the single copper cylinder was
employed. Some experiments were performed with the heat flux meter
ariented at 1680° and with pressures upstream of the orifice of 60 and
100 psig. A tﬁ%al of 31 quenching experiments were completed during
the course of this experimental-program. The complete set of data is
contained in Appendix:D. The results are summarized in Table 6.1. Each

set of experiments will now be analysed and discussed in tucn.
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6.2.1 Saturation (‘Pn 180°%)

i

A total of 18 experiments were done under saturated conditions
and with the heat flux meter facing down. The results asre summarized
in Table 6.1. Unfortunately some difficulty was experienced with trans-
ferring all signals simultaneocusly to the computer; as g result, some
of the experimental results recorded in Table 6.1 and in Appendix D
are incomplete. The problem is believed to have been caused by water
leaking into the shield and insulation of the thermocouple wires, thus
grounding through the water tank; such grounding bhas caused similar
"ground-loop” problem in the past. This problem was almost completely
solved by coating the thermocouple leads with water impervious, high
temperature Silicone Rubber (RTV 899). However, the temperature in the
furnace was extremely high and at these temperatures the adhesive did
crack somewhat and water cgyld still penet;ate; however fewer fallures
were encountered. The oééervations of these experiments may be summa-
rized as follows:

1) No increase in heat flux was observed for the bottom cylinder.
This implies that what happens above has very 1little, if any, effect

on the boiling process below.

(ii) The critical heat fluxes. for the second row and above show an
appreciablé increase but notin a regular fashion (e.g. row 3 and 5 have
a higher CHF than the other two rows). It should be noted, however,
(Appendix D) that the time at which eaéh cylinder passed through the
critical heat flux was different. This occurred not only because each

cylinder had a different starting temperature but also because each
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exhibited different beoiling éq;vé%’during the quenching experiments.
Different boiling curves were Jaused by the interaction between cylin-
ders. The critical heat flux usually occurred at the bottom first and
then was followed by rows 2 and 3 at about the same time. Finally, the
critical heat flux then occurred on rows 4 and 5 at about the same time.
This explains why rows 3 and 5 exhibited high increases in CHF as they
were influenced by a lower cylinder going through the critical heat
flux. In Run 100-7 the three cylinders passed through the critical
heat flux condition at about the same time; at least the vaepour genera-
tion was near the maximum on all three cylinders,

(1i1) The complete bolling curves as a function of time for the three
cylinders of Run 100-7 are presented on Figgre 6.1. It is interesting
to note that an increase in heat flux density occurred on the second
cylinder as the lower one went through the critiqal heat flux, This
indicates that thefe was an enhancement in heat flux arising from the
natural convective flow of vapour and liquid from below. The results

obtained here are in accordance uitqi%huse reported in Chapter 5 for

steam injection below the quenched cyiinder.

6.2.2 20°C Subcooling (P = 180°)

Quenching experiments with the 5 x 3 array were performed with
the water initialiy subcooled ZUOC; these experiments showed an expected
behaviour as indicated in Table 6.1. The critical heat flux was in-
creased but this increase was less for the upper cylinders. This ob-

servation can be explained by the effects of natural convection where
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the rising water is heated progressively as it rises through the array.
This means that the liquid environment around the upper cylinders is

no longer subcooled st the initial level and hence the critical heat
flux was less for the upper cylinders. On the other hand, there will

be an enhancement in heat flux because of the larger natural convective
flow from below. The datas bear out this analysis: The average percent-
age increase in CH for a single cylinder at 20°%C subcooling was 80%.
For the top cylindar in the array, the average increase wes 63% so

that the increase because of convective effect of the rising liquid

was compensated by a decrease in subcooling. It is expected that at

the point where the rising liquid becomes saturated (net production of
vapour), the flow arising from natural convection will increase the CH
above that which would occur under the same conditions for a single
cylinder. Therefore, the important experimental work is that associated

with boiling in an array under saturated conditions.

6.2.3 Steam Injection System

with the saturation system with no steam injection it was seen
that the critical heat fluxes rarely occurred at the same time so that
little new information was obtained from these experiments which related
to the effect of the etesm generated from the tubes below on the heat
flux on a particular tube higher in the bundle. Therefore it was de~
iclded to inject live steam underneath the centre colum. In this way,
ad&itional rows of cylinders each undergoing boiling were simulated.

The mass flowrate of steam, which was used, was equivalent to about
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two and three times the smount of steem which would be evalved from a
cylinder at critical heat flux conditions. The upstream pressure of
the sonic orifice was set at 60 psig and 100 psig to achieve these
two conditlons. The 15-cylinder array was quenched in the same way
as previously in water at nesar saturation conditions except that the
steam flow was started prior to plunging the array. The results faor
this series of experimgﬁ%é are contained in Appendix D and are summa-
rized in Table 6.1.

A substantlal increase in heat flux 18 seen to occur at the
bottom of the cylinder (¢= 180%); at the other two angles which were
investigated no evident increase occurred. These results corroborate
those found in Chapter 5 where the largest increase in heat flux den-
sity wes observed tao dEEhr at the bottom partion of the cylinder. At
P= 1BU°, a higher increaaé was observed on the third row; lower in-
cresges occurred on the upper cylinders for the two steam flourate
investigated. At 100 psig, the increase on the second cylinder was
~much higher than that for the 60 psig case. These results suggest
that after the third row, Lnder these conditions, the blanketing effect
of the rising vapour cﬁunteracted partial;y the induced forced convec-
tion effect of -the rising steem-water mixiure ag far as the bottom af
the cylinder was concerned. Therefore from the results obtained here
1t is not possible to predict under which situastion a decrease in the
overall critical heat flux would be observed. Howsver, it is obvious
that to produce a decrease in the obtalnable CiF, many rows of cylinders

would have to be at high heat fluxes simultaneously.
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6.3 Gernaral Discussion and Conclusion

Since it ies well known that under nnmé conditions (particulerly
those occurring in reboilers), the upflowing vapour can cause the criti-
cal heat flux depaity to be substantially lower, it can be concluded
from the results of this study that the effect of vapour generation on
the critical heat flux must be strongly dependent on the clearance
between the tubes in the calandria. Reducing the clearance to some
critical value would inhibit the vapaur-liquig flow and thus reduce the
upward flow rate or cause vapour blanketing; the critical heat flux
would be decreased accordingly. With the large pitch-to-diameter ratio
used in CANDU reactors, the clearance seems to be so large that the
vapour-liquid flow is not inhibited and thus an enhancement in the
critical heat flux occurs because of the increased convection effect.

A small spacing between two adjacent tubes in the seme row ctan create
an gppreciable pressure loss in the vapour-liquid flow. The total
pressure drop across the bundle must be equal to the availshle pres-
sure head which is ususelly equal to the head of liquid outside the
bundle. Therefore, if the spacing were very small, a smaller amount
of liquid would be induced to flow through the bundle. With a large
number of tubes (or a“very large heat transfer area), all this liquid
may be veporized before it reaches the upper tubes. Under this condi-
tion, this upper tubes would not be surrounded by liquid but by vapour.
This would have the effect of decreasing the average overall heat flux
for the gﬁndle although some tubes aperate with a high heat flux den-

sity and others a very low one. Similarly, if the vertical spacing
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between two adjacent tubes were small, the vapour bubbles generated at
the top of one tube may touch the upper tube before they have a chance
to detach from the surface and vapour blanketing may result. These
effects do not seem to be important with the tube spscing associated
with the current design of the CANDU reactars.

Some coneern might be expressed as to whether the bundle simu-
lates properly that which would occur in a calandria comprised of long
tubes. Direct observation of the boiling phenomena through a window
down the front of the tank indicated that the vapour flow was up@érd
only; very little, if any, vapour passed horizontally outward thrgugh
the open space in the support frame. Liquid may, however, have been
dreawn in through the frame by the upward flow of vepour and hence may
have given a larger convective effect than would have occurred with a
tube of larger length undergoing the same boiling ﬁhenomena. However
in the postulated accident, not all the length of the pressure tube
would touch the outside tube because there are spacers located at some
axial locations.

Some concern might also be expresse ncerning the relatively
small number of tubes used in these experiments it is an unfair¢re~
presentation of the boiling behaviour that would be observed for the
many calandria tubeé of a typical nuclear reactor. With ﬁpe assumption

' .
that all the pressure tubes would sag at the same time and the fact
that the duration of the transient may only last but a few secands,
any %ube in the calandria would be affected by the boiling behaviour

¢
that preveils on only a8 few adjacent rows. Therefore, a tube should
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be in a situation similar that which would be encountered in a rela-
tively emall bundle. The only situation where this would not prevail
is when each tube would =ag and experience bailing as the vapour of
the lower tube just resched it so that the steam from any ocne tube
would be d&uded in phase to that which was generated below. However
this fortuitous situation is most unlikely, Hence, this suggests that

the results presented in this chapter are pertinent to the present

problem,

~r



CHAPTER 7

RESULTS OBTAINED WITH THE STEADY-STATE STEAM-HEATED TUBE BUNDLE

7.1 Introduction

“As an extension to the unsteady-state bundle system, a steady-
state steam-heated system was designed and fabricated to provide infor-
mation concerning the steady-state bamiling heat transfer performance
to be expected on a 2.67 cm 0.D. tube located in a bundle of similar
tubes and undergoing the same boiling phenomena. The bundle system
was comﬁfised of four rows of three chrome-plated copper tubes having
the same pitch-to-diameter ratio (2.183 as the calandria tubes of a
typical nuclear reactor. A 100 psig steam supply was used as the ener-
gy source to alloQ operation in the transition bo}ling regime. Heptane
was chosen as the boiling liquid because of its low critical heat flux
vélue (because of steam supply restrictions) and the wa i ﬁFmperature
range that could be achieved with the steam pressure ailaﬁge. Heptane
was boiled off the surface of the tubes, condensed-in a set of two heat
exchangers and returned back to the boiling chamber. The heat flux
density for each’centre tube of each Egu was obtained from steam con-
densate flowrate measured independently from each tube. The complete
boiling curve was obtained by varying the pressure of the steam inside

the tube, which in turn dictated the outside wall temperature, and the

heat flux density was measured for each pressure setting. The wall

139
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temperature was measured with a thermocouple located near the surface

of the tube. This system only provided the overall heat flux density

on the tube end no information on possible angular or aexial veriations. ,
For more information concerning thg experimental system and the experi-
mental procedure, the readser is referred to Chapter 3.

This chapter is concerned mainly with the presentation of the
results obtaihed with the tube bundle system i; which tée heat trans-
fer coefficlient of one particular tube is affected by ather rows also
undergoing boiling. However, before the tube bundle results are dis-
cussed, some results relating to experiments perforped with a single
tube will be discussed in order to establish the critical heat flux
for each tube when it is not influenced by others. The complete set

of data obtained throughout this study is contained in Appendix G.

7.2 Single Tube Experiments

7.2.17 Pool Boiling Curve on a8 Copper Tube

Unplated copper tubes we tially used in this project.
Many sets of experiments were performed .on several copper tubes. Com-
plete boiling curves were generated Tor several tubes on different days.
In some instance the tubes were cleensd between tests; on others the
tubes ware left in the spparatus and duplicate experiments were perfor-
med on them. Typicel results of the latter set of experiments are
presented on Figure 7.1. GSix different runs were made on different
days on this particular tube and the complete set of data is contained

in Appendix B. The critical heat flux densities obtained for each of
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thece six runs are presantad on Tmble 7.1. Only thrse runs sra plotted
here but thases indicate the shift in the bolling curves that was ob-
sarved during the course of these experiments. \Gn the other hand, the
reproducibility frah run to run was good when the tube was cleaned-bet-
ween each test.

Careful examination of the tube after each experiment showed
that the tube was oxidized somewhat and a green polymeric-like sube
stance was deposited on the tube. This coating beceme pragressively
thicker as the experiments proceeded. Obviously the tube wss being
oxidized snd conteminated by %npuritiaa in the liquid. Results on
Filgure 7.1 suggest that as fou;igg on the tube increases, the critical
heat flux increases. It increased from about 185 klu/m2 on a clean tube
to abeyt 215 khl/m2 an a highly sceled tube ss was obtained for Run 6.
Furthermore, as fouling increases the critical héwt flux occurs at much
higher superheat. This shift in excess temperature is attributed mainly
to build up of an oxide layer and in part to change in surface finiép
as noticed by Berenson (B6). A large temperature gradient is requfred
for heat to flow across this low thermal conductivity layer. The ther-
mocouple on the tube reads a temperature aomerat below the surface
because the bead of the thervnébuqle is inserted in the groove of the
tube; it is, therefore, not ;écording the true temperature on the out-
side of the deposit and the shift in temperature is probably only an
spparent shift, ’

The increase in the critical heat flux is attributed to'the

_effect of scaling. Berenson (BS) found the same result when he boiled
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pentane on a copper plate. He was able té\itoujthat the cause for the
difference shown here was contamination in thé/%orm of dirt particles
and dust on the heat transfer surface. He concluded that this dirt
would tbgﬁ to change the surface energy (contact angle) conditions of
the surfaée aﬁd thus induced these effects. He ohserved, as was here,
that it was necessary to clean the copper surface prior each experiment
to obtain consistent results. 1In addition to the atmospheric dirt
deposited between runs, it is belihggd that heptane upon vaporization,
left impurities on the surface. The formation of polymeric material
was traced to water entering the system through a small leak in the
coqdenser.e}ﬂn experiment was done with a small boiler' containing a
short length of copper tubing; although some ogidastion ;c—c\.lrred, the
green polymeric material did n&i.appear. Hence it was sti%I”ﬁEtEqi
sary to distill the heptene (yellow colbur persisted), chrome-plate
the tube to avoid oxidation and remove all water from the ;ystem.
Surface oxidation and contamination make this system very in-
efficient to trensfer heat to a boiling liguid. It took approximately
fifty hours for the evaporator to be inoperable; at this point the
critical heat Flﬁx cou;q not be achieved even with the full steam

.

pressure of 100 psig (170°C). Another similar tube was used for a

‘lonéer period of time and at the end the-scalingAstarted to peel off,/f

4
Extremely low heat fluxes were obtained under these conditions as vapour

was trapped under the scaling. Fouling effects have been recently re-

g :
viewed by Taborek et al.(71) and they concluded that fouling is the

major unresolved problem in heat transfer. These results point to the

”
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inportence of acaling; any designer of indugtriel evaporators, must be
vary careful in his design to account for fouling. Fortunately, the

fouling problem was resolved in the experimental system toward the end
of the experimental progrem by preventing water leesks and by replacing

neoprene gaskets and O-rings with teflon ones.

7.2.2 Pool Boiling Curve on a Chrome~Plated Tube

This experimental program strongly relies on the reproducibi-
lity of results obtained on a single tube since it must be possible to
obtain a direct comparison of the ohserved heat flux on a single tube
with the heat flux observed for the same tube when it is located in a
bundle of tubes all undergoing the same boiling phenpmena. Any trans-
ient effect, as observed dn the copper tube, would cpnfnund the bundle
effect and make any kind of analysis impossible. As-mentigned above,
the fouling problem was solved. On the other hand, to alleviate the
previous oxidation problem a chrome-plated copper tube was used.

Two different chrome-plated copper tubes were used in single
tube experiment to establish the pool bailing characteristics on each
one in order to test the paol boiling curve repréducibi&ity from run to
run on the same tube aﬂd also from tube to tube. It was found that the
critical heat flux density was reproducible from experiment to experi-
ment on\the seme tube and on different tubes. The reproducibility
of the nucleate boiling was gisa good. ’The critical heat flux value

did not however cccur at the same wall temperature from one tube to-

the other; this may be only an spparent shift and may relate to the

‘‘‘‘‘

B A TN A Wt A S TGA T U e e o



15

location and inatalletion of tha thermocouple. There was however no
eppreciable temperature shift from one experiment to another for any
given tube. )

Having established that reproducible results could be achieved
for 8 chrome-plated tube, a characteéistic boiling curve was obtained
for pach of the tubes whith were Laed in the centre row of the bundle.
These curves are shown in Figures 7.2, 7.3, 7.4 and 7.5 for Tubes 1,

2, 3 and 4 respectively. The full set of data is contained in Appendix
8. It‘can be seen that the reproducibility from run to run for a par-
ticular chrome~plated copper tube is very good. There is only one boil-
ing curve which differs zppreciably from the other runs; this is the
first run performed with Tube 3. The reason for this shift of the

critical heat fluxyten be related to the insulation coating placed in

the groove of the tube to prevent the boiling liquid to reach the ther~

mocouple bead which was pinned into the copper on the top of the tube.
In the first run an aluminum coating was used; however, this coating
cracked by thermal expansion and the boiling liquid could reach the
thermocouple bead. The resulting recorded temperature was lower than
the actual one because of the cooling action of the liquid. In the
other two’runs performed on Tube 3 RTV Silicone adhesive was used to
prevent heptane from contscting the tip of the thermocouple and good
reproducibility was achieved.

Aluminum coating and many other coatings were used in an attempt
to replace RTV because it was auspgcted that heptané was being contam-

inated with substances contalned in RTV. However, in the end, RTV was
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used because of the need for an elastic coating which could sustain the
tharmal expansion and contraction; all the other coatings cracked and
the temperature of the tube became unreliable after a few experiments.

The repreoducibillity of the bolling curves for different tubes
is not as good as that obtained from experiments performed with the
same tube. The shape of the different boiling curves and the excess
temperature at which the critical heat flux occur vary slightly. The
latter can in part be attributed to the different depth in which the
thermocouple beads were inserted into the surface. On the other hand
the criticel heat fluxes ‘obtained on each of these tubes are the same
within experimental erraor. The results point cut the importance of
obtaining a characteristic bolling curve for each of the instrumented
tubes in the bundle in arder to anslyse the tube bundle in the way
guggeated. This procedure should correct for differences in wall super-
heat.

Sometimes it uée impossible to obtain any point in the major
portion of the transition regime. For an increase of about 0.5 psi in
the steam pressure, the wall superheat would jump from the critical heat
flux to near the minimum heat flux value. Hesse(H3) described this
instability and found that if the charaéteristic_boiling curve in the
transition region is steeper than the characteristic of the heating
surface, there 9111 be no .stsble operating points. Run 2 of Tube 1 and
Run 1 of Tube 2 are typicsl exampléa of this pheﬁamena; In the other
run on the esme tube, héwaver, it was possible to obtain some operating
points which suggest that the property of the surface had changed. In

the cases where there wes @ sudden jump from the maximum heat flux to
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near the minimum hoat flux, the surface wes such that the nucleate
boiling could be maintaincd st a higher wall superheat end the corres-

ponding transition reglie was therefore steeper.

7.2.3 Criticel Heat Flux Density

The critical heat flux densities on a fresh cleean copper tube
or a chrome-plated copper tube are presented on Table 7.1. An average
valug of 190 klu/m2 with a standard deviation of 9.4 kw/m2 was obtained.
There does not seem to be any difference between an unplsted copper
tube and a plated one. McAdams(M2) reports. a value of 167 kw/m2 with
a wall superheat of 30°%. mn average wall superheat of about 23°C was
ohserved here.

In the design of this experimental program, the critical heat
flux was calculated with Equation 2.3 (Zuber, K = 0.131) Bnd a value
of 236 kuj/m2 was predicted. These experimental results are considera-
bly lower than this predicted value. Eguation 2.3 was derived for a
flat plate and this lack of agreement may be attributable to the geo-
metry used in these axpe#iments. This geometry effect was investigated
by Lienhard(81, S5); he ‘derived that the criticsl heat flux density for
a tube of the size used in this study should be about 90% of the criti-
cal heat flux value predicted by the Zuber's equation. The Lienhard's
prediction for this tube size is abaut 212 kw/m2 with a claimed accu-
racy of plus or minus 20%. Tha 190 km/n;2 value obtained in this study
is equivalent to BO¥ of the Zuber's prediction and within the renge of
apgcuracy of the Lienhard's prediction. '
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7.2.4 Influzsnca of tha Liouid Level

The stoom prescure was set at spproximately 60 psig which core-
responded to near the critical heat flux point end the liquid level
sbove the tube was varied from 2 to 16 cm above the tube. The results
of this investigation are presented on Teble 7.2. These results clearly
show that the liquid level esbove the tube doea not influence the criti-
cal heat flux value,  These observations were very important in this
study because the liquid level in the bundle system was different for
each row and the recardad heat flux did not need to be corrected for

differences in liquid level.

7.3 Multiple Tube Expariments

7.3.1 Pool Boiling Curves for Individual Rows

The experimental system was designed to allow separate control
of the steam pressure on any row of tubes to esteblish a given wall
superheat on the centre tube in the row. Furthermore, all rows or any
combination of rows could be heated at any one time. In each case, the
average heat flux for each centre tube could be measured from the steam
condensate rate from it. This procedure allowed & direct comparison
of the bolling curvaes for the tubes under all conditions and thus an
evaluation of the interaction effect was possible. Some single tube
experiments.were performed during the experiments with the bundle to

record any changes in the characteristic boiling curves for these tubes.

This sllowed a better comparison on & daily basis. This comparison also -

provided valueble information concerning the effect on the CHF of the

»
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TABLE 7.2

INFLUENCE OF THE LIQUID LEWEL

0N THE CRITICAL HEAT FLUX

TUBE &4
August 17, 1976
Steam Pressure at 60 psig

LIQUID LEWEL AVERAGE

AQU\E THE HEAT FLUX HEAT FLUX
TUEE DENSITY DENSITY
(cm) (kit/m) (kid/m2)

2 191.6 192.7
193.8

5 192.9 193.7.
194 .4

g 192.3 192.9
193.5

16 191.9 192, 4

192.9
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centre tube by the two adjecent tubéa located on the seme row. This
effect can be viauul}zed on Figures 7.6, 7.7, 7.8 and 7.9 for Tubes 1,
2, 3 end 4 respectively.

Only Tube 2 shows a perfect agreement between the boiling curve
cbtained in a single tube experiment and the one obtalned when a com-
plete row was undergoing boiling., All the other tubes show an increase
of their critical heat flux values when adjacent tubes of a given row
are also boiling. Tsble 7.3 presents the/?HF values obtained for this
_set of experiments. An average critical-heat flux of roughly 206 k/me
was obtained under these conditions which cerresponds to an increase of
about 8%. This substantiml increase was not expected and is attribut-
sble to the sdditional fluid circulation produced by the two adjacent
tubes. The bundle effect is therefore also influenced by what happens
on a raw of tubes,

This analysis also demonstrated that the charscteristic pool
‘hudling curve for any given tube did not change apprecisbly during

the course of this investigation.

7.3.2 Downward Bundle Effect

If additional liguid eirculation prodyced a beneficial effect
within a single raw, it 18 possible that & tube undergeing boiling
could be 1nfluenced by boiling on tubes located sbove. To provide
this information, the: heat Plux density far Tﬁbes 1 and 2 was measured
undsr conditions where boiling occurred on one or mare tubes in the

rous sbove. These recults are plotted in Figure 7.10 and 7.11; the
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TABLE 7.3

%

CRITICAL HEAT FLUX VALUES DURING INDIVIDUAL

CALIBRATION IN THE BUNDLE (ki/m?)

DATE TUBE 1 TUEE 2 TUBE 3 TUBE & AVERAGE
7 June 77 192.2 195.6
"9 June 77 223.0 201.4 2142
218.3
11 June 77 209.0 202.2 223.6 2140
2%.2
28 June 77 218.4 193.3 203.7 220.7
207.6 197.7 199.7
30 Jure 77 204.0
201,2 191.4
6 July 77 218.0 189.8 203.7 193.6
Average 211.4 196.7 209.2 205.3 205.7
Std. Dev. 11.1 4.8 9.4 11.4 6.5
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boiling curve for boiling on the particular row alone is sﬁ%wn for
comparison, These results clearly show that the heat transfer coeffi-
clent of a given tube is not influenced by the boiling phenomena oc-
curring above it. Wall and Park(W2) slse found that there is little
ar no change in the boiling behavicur of a bottom tube in a verticai

array due toc tubes bolling ebove it.

2

7.3.3 Influence of Tube 1 an Tube 2

"The first experiment performed to investigate the interaction
of boiling on one tubz by boiling on another one was to cbserve the
effect that Tube 1 (the lower one) had on Tube 2. To obtain th¥gin-
farmation, the boiling curve for Tube 2 was established for three
different heat fluxes on Tube 1. These results are plotted on Figure
7.12. The full set of data is contained in Appendix B. The following
infarmation can be deduced:

(1) The nucleate bolling regime of the bolling curve is not af-
fected by the vepour rising from Tube 1. All the measured heat fluxes
carresponding to the three different heat fluxes of Tube 1 fall exactly
on the boiling curve aobtainad when only row 2 was active. As the cri-
tical heat flux density is approached, the steep slope, characteristic
to the nucleate boiling, falls to decrease and a higher critical heat
flux density results. This phenomens is similar to the boiling curve
that would be obfained under forced convection conditions as slready
discussed in Chapter 2.

(11)  There is a subatential increase in the critical heat flux den-

sity. This beneficial effect is a function of the heat flux density
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pravailing on Tubayd which, in turr;, dictates the 3vnpnur mass flourate
end tha atten induced liquid flow which impinges on Tube 2. This
effect, h:maver, is nd"h pruportional to the quantity of vapour rising
up to the next ttba' g'athar, it seems to level off after a certain
emaunt because the increase was observed for a heat flux density
of 167 end 207 kM/‘ . A {;a?days later, two other points, represented
by black dots, wefé meacured snd good reproducibility wes obtained.
An average perceq;taga, incresce of sbout 16% is observed for the CH
‘'whon comparad with that obtained with Tube 2 in a single rou experiments.
(.111) Tha t tion regime alao shous a marked incresse in the heat
Plix danaity,/ The increase eppesrs to be independent of the heat flux
on tha lquerrtube in tha range investlgated. ‘
Thieee results augée;t that the increase ubaervqg for the criti-
cal haat /flux density end for the tranaition regime occurs because the
additﬂénal circulation produced by the rising vapour and liquid distupts
. tha, ormation of a film end enhances the contact between the boiling
ltquid and the haat trensfer surface.

't
P

“9.3.4 Influsnce of -Tube(s) 1 and/or 2 on Tube 3

& » ‘ b

]

The results for theag experiments are presented on Figures
7413, 7.1 nd 7,15 uhen Tubos 1 end'3, 2 end 3 and 1, 2 and-3 were.

. active respectively. . Similerly to what wes observed with Tube 2, the
heat flux denalty in the nucleate boilil:té regime was not influenced by
'builing on tha lmér tuhEIa. Ih the ather hend, when Tube 1 was at ita

7cr1t1ca1 heat fJ.ux denaity, the average ieércentage incraaaa in the N "

’., N
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critical haat flux on Tuba 3 wae shout 20%. UWhen Tube 2 was also at
its critical heat flux density, the average incresse im CHF on Tube 3
was choerved to be ebout 22%. Finally, the critical heat élux of Tube
3 increased by 17% when only Tube 2 was in active boiling at its CHF
point. Tests were performed on different days and good reproducibility
was obtained.

Only one cbservation was measured in the trensition boiling
ragime becsuse the maximum available pressure of the steam supply sye-
tem correspondad to a point near the critical heat flux value. It was
tharefore impossible to create a stable film and upegate Tube 3 at low
heat fluxes in the transition regime. A stable film was created, how-
ever, when row 3 was operated slone. UWhen steam was fed to the other
rows, the preaﬁure drop in the supply lineé was increased so that the
maximum pressure availeble at the boiler was decreased considerably.
The resulting decreass in steam pressure combined with the‘circulatiun
around Tube 3 (generated by the rising vapour) disrupted the boiling
in the transition regime and nucleéte boiling was regtorad. This pro-
blem was a limitation of the experimental system and may imply that /
possibly tha critical heat flux was not achieved and that conservative
increanas are reported here. However, the results obtained with Tube 2
suggeat that the CHF toccurs at the same wall temperature independent
of the vapour flourate impinging on its surface. By analogy it can be
visualized from the plotted hailing curvgs for Tube 3, that the high
heat fluxes nbtainad correspond in most ceses to the CHF value.

The only point obtained near the minimum heat flux suggests

]
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that whon a stcble film is formad, the heat flux is relatively unaf-

fncggdfby tha scoruad circulation.
(;."‘

Yy

7.3.5 Influence of Tube(s) 1, 2 and/or 3 on Tube &4

The resulis for the various combinations of operation of the
three rows located below Tube 4 (alone, in pair or the three rows to-
gether) are grephiocally represented on Figures 7.16 to 7.22. The re-
sults for the influence on Tube 4 of boiling on the lower tubes are
similar to that reparted in the previocus sections. It was impossible
to operate row 4 beyond ite critical hegat flux value. The results
obtainzad for the criticel hoat flux on Tube 4 (the maximum attainable)
are summarized on Teble 7.4 along with a summary of the results ohtained
on the other thrse tubes investigsted. The average percentage increase
recorded for Tube 4 varies from 12% when row 3 alone was active to a
substaentiol 24% when rows 2 snd 3 were at their critical heat flux val-
ues. It should be remahbéred that these percentages account only for
the vertical bundle effect and the harizontal bundle effect (that is
the influence of multiple tubes boiling activity on the heat Flux den-
sity on adjescent tubes) was not determined, The average percentage
increases tebhulated in Table 7.4 were obtained by comparing the average
critical heat flux density of a tube in the bundle with the average
eritical heat flux dansity obteined in a single row experimaént.

7.4 Summary end Genaral piacuaaimn of the Results

The major partton of the information presented for the bundle



TABLE 7.4

AVERAGE PERCENTAGE INCREASE
OF THE CRITICAL HEAT FLUX

DENSITY WITHIN THE TUBE BUNDLE™

ACTIVE ROW(S) % INCREASE IN CHF ON
TUBE 2 TUBE 3 TUBE &4
1 : 18 20 16
2 — 17 21
3 —_— - 12
1 and 2 - 22 19
1and 3 - — 18 ,
2 and 3 -— - 24
1, 2 and 3 -— — 20
*

The % increase is abtained by comparing the

average critical heat flux density of a tube

in bundle with tha averaga critical hoat flux

o

denaity obtainod in a single ‘row experiment.
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effect has been analysed and reported in the previous sections., It has
been shown that the nucleate boiling regime is not affected by the va-
pour impinging on the surface of the tube. On the other hand, the
critical heat flux demsity showed a substantial increasse; the ohserved
increase was relatively independent of the amount of vapour rising from
the tubes located below as long as a given minimum mass flowrate was
exceeded, Now, the results will be analysed in an attempt to establish
some pattern among the data tabulated in Table 7.4.

There seems to be a preferentiel spacing between two tubes
which produces 8 higher CH increase; the distance of two rows gives
a greater increase of the CHF than only one row spacing or threé rows
spacing. An averafle increase of 20% was chtained for the two cases
encountered in this study; 1 on 3 and 2 on 4., Moreover, the greatest
increase observed during this investigation was obtained when two con-
secutive rows were acting on the next row (1 and 2 on 3; 2 and 3 on &4);
an average percentege increase of 23¥ was recorded.

When the four rows of the bundle were at their critical heat flux
values, an average increase of 20% was observed on Tube 4 and the overall
bundle increase was roughly 15%. These results are in agreement with
those reported by Palen et al.(P3) who concluded that with small tube bun-
dles (4 to 6 rows), the additional circulation and turbulence caused by
rising bubbles can incresse the average heat’transfer coefficient above
that for a single tube. This increase would i?pi&ate that, instead of

.

a vapour penalty, a multitube enhancement correction should be applied
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to eny single tube correlation for boiling. It is unknown how meny
rowa would be required bafora 8 decrease would be obcerved, if, in
fect, a decresse would be obszrved with the tube spacing employed.

Wi th the constraints of the svailsble steam supply, it is not poasslble
to }ncneaae the number of tubes in the bundle beyand the twelve used
in this study.

The discrepancy between the present ohservations and those
reported in the literature, that suggest a lower overall heat flux for
a bundle becsuse of vepour blanketing, may be due to several factors:
(1) Most of the data for large tube bundles reported in the litera-
ture are deta which were obtained from tests on industrial bollers.

The boiling asurfece condition was not reported. It is therefore possi-
ble that these bundles ware heavily Pouled with scaling and therefore
extremely inefficfent. The fouling aspect 18 extremely importent in

the present study becauqe if the low heat fluxes reported on large
bundles are cauced strictly by fohling on tubes, the same penalty should
not be epplied to the calandria tubes which are essentlally clean tubes.

Fouling has snother importent implication on the overall heat
trensfer coefficient. Extreme fouling may elso redice the availsble
area (between adjecent tubes) through which the liquid-vepour mixture
must flow; this docreacs will increase the resistence to flow which in
turn may dzcrease the overall bundle efficiency.

(11)  The large bundle maQ have a lower nverall-CHF than that for a
aingie tuba baccuce 1ncufficlent 11QU§d may be flowing into the bottom
#f “the bundle to satisfy the liquid requirements in the bundle if all
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tubes were boiling at the critical heat flux. This liguid can only
flow into the bottom of the bundle because of the induced upward flow
caused by the buoyancy of the vapour (the thermosyphon effect). This
flow rate of liquid is determined by the available pressure head and
integreted flow resistance offered by the tubes to the flowing two-
phase mixture. Decreasing the tube spacing increases this resistance;
increasing the fraction of the liquid vaporized also increases the
resistance. Hence, it is gquite reasonable to believe that in fact

the so-called vapour blanketing effect (reduced overall heat flux)
occurs not because the vapour somehow attaches to the tube and prevents
the surrounding liquid from reaching the tube (implied by the term
*hlanketing") but because the upper tubes in the bundle are "starved"
of liquid. This starving hypothesis suggests that better performance
may be achieved in horizantal reboilers if the clearance between the
tubes is 1ncreased'§b that the resistance to flow may be decreased.
Alternatively, the pressure head (liquid head outside the bundle) could
be increased to compensate for this increased resistance to flow.

This explanation is compatible with the litersture data and the
results oﬁkained in the present study., It follows that to manufacture
a more efficient boiler, it should be rectangular with a maximum of
roughly eight rows deep with a reasonable pitch~-to-diameter ratio
(perhaps about 1.5).

7.5 Conclusion

o

From the results presented in this chapter; the following
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conclusions can be mada:

(1) The reproducibility of the pool boiling data on a single tube
has bzen esteblishad both on a copper tube and on a chrome-plaged cop-
per tube. The shape of the observed bolling curve varied from tube to
tube but remained essentially unchanged for a given tube from experi-
ment to expériment. Moreover, the critical heat flux density was nearly
equal for all tubes investigated.

(11) The avarageﬂcritical heat flux density obtained in a single
tube experiment on a 2.67 cm 0.D. tube is 190 klu/m2 with a standard
deviation of about 5%. This value corresponds to about 80% of that
predicted by Zuber's correlation and within the 20% range of accuracy
claimed for Lienhard's extrapolation (90% of Zuber's prediction).
(111) The liquid level ebove a tube undergoing boiling has no effect
on the critical heat flux density on that tube.

(iv) The single row experiment showed that there iB a interactive
effect (enhancement) even when only one row is sctive. An average
incresse of shout 8% was sbserved,

(v) There is a significant "bundle effect" near the critical heat
flux and in tranasiticn boiling regime with the present experimental
system but no effect in the nucleate bolling regime. Table 7.4 summs-
rizes the sverage percentaga increase of the critical heat flux density
when all active rows are at their CHF values. The increase reported
is relatively independent of the amount of vapour rising from below if
a given minimum qua;titv of vepour {s exceeded. Thege is no evidence

of a decrease, at legat for the four row system investigated.
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CHAPTER 8

SUMMARY AND CONCLUSIONS

8.1 Introduction

The objective of this experimental research program was to
ocbtain beiling heat transfer data for the outside surface of any ca-
landria tube of a typlical horizontal pressure tube nuclear reactor.

This information was required for a single tube as well as a bundle
of these tubes.

To achieve this objective a three-part experimental research
program was initiated. The first part dealt with the acquisition of
experimental boiling curves far various locations on the circumFerenée
of a 12.7 cm diamefer copper cylinder. These boiling curves were estab-
lished with a heat flux meter on cylinders of various lengths for dif-
ferent 3ubcoolingé of the quenching bath and for different areas of the
boiling surface being active in the boiling process. The second portion
of the experimental program provided unsteady-state boiling curves in
8 5 by 3 bundle of copper cylinders for few angular locations and two
levels of subcooling. A aimQIation of a larger array of tubes was
achieved by injecting steam below the centre column of the array and

suring the effect on the boiling heat flux density on the cylinders
in the array. Finslly, the third part of this experimental program

provided boiling heat transfer data for a 12~tube bundle under steady-
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state conditions. The two bundles had the same pitch-to-diameter ra-
tio (2,18) of the calandria tubes of a typical nuclear reactor.

The results obtained in each of these three parts have been
presented and discussed in Chepter 5, 6 and 7 respectively. This chap-
ter summarizes the major findings and presents the conclusions that

can be drewn from the results.

8.2 Single Horizontal Cylinders

The results and the conclusions from this investigation are
best summarized as they relate to local effects, on the one hand, and

overall average effects an the other. These two aspects are discussed

separately:
A. Local Heat Flux Dsnality
\
1. A succassful method for constructing & heat flux meter ln a8

copper cylinder has been developed and has shown to provide instanta-
neous lofal boiling heat transfer densities during the quemching of

the copper cylindar in saturated and subcooled water. Since difficul-
ties arise in fabricating a meter to the ideml specifications, calibra-
tion of the meters wss required. The calibration procedure which was
devalopned was shown to be reasonable since:

(1) Reproducibility of boiling curves by the quanching technique
uas echieved with different heat flux meters in different cylinders
although the calibration foctor for each was quite different,

(11)  Solutions of the 1nyeréé conduction problem for the cylinders

gave local cooling curves or heat flux densities which were comparable

e BRI I R I e e e
0 r
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to thosa indicated by a local temperature measurement or a calibratsd
hoat flux mater, recpectively.
(111) A stesdy-ntate calibration procedure indicated that the cali-
bration factore obtained by the guenching technigue were reascnable.

On the other hand, it was found that the use of this type of
heat flux meter is limited to unaieady-atate experiments because of the

&

inherent temperature depression on the heat flux meter and its vicinity.

2. The boiling curves generated for different anqular locations
around the cylinder show a sesvere varlation which is attributable to
the fluid hydrodynamics around the cylinder. This hydrodynsmic effect
shows a maximum influence in the CH region. This large anqular varia-
tion of CH around a cylinder has heretofore not been reported. It
was found, howover, that the vepour-liquid flow argund these large cy-
linders had a negligible effect on the boiling heat flux in the nucleate
boiling regime. This effect was also demonstrated during the steaedy-
state experimants.

Under subcaooled conditions, the angular variation is less severe.
The decrease in subcooling es the upward flowing liquid proceeds around
the cylinder and other intersctive effects of the natural convective
flow snd the forming and collepsing vepour bubbles should play & primary
role in affeeting local CHF under subcooled conditiaons.

In all cases, good reproducibility of the boiling curves was
obtained.

3. The CH at El:ty point on 8 tylinder, whose surface is partielly

H
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\

\
inoulmsted, ia navar lesa on the active boiling area than that which
would be obearved for a cylinder undergoing boiling gver the entire
area. At same sngular locations, the heat flux density is considersbly
higher for the partially insulated cylinder. These results are a fur-
ther indication that the variations in local heat flux density are a
direct reault of the interaction of the upflowing vepour with the boil-

ing phenomzna.

4, . The results obtained with steam injection underneath a single
copper cylinder indicate that the overall surface aversge CH was es-
sentially indespendent of the steam flowrate in the range investigated
although the flourate increased about threefold. On the other hand,

it was obeerved that the local CHF over the lower portion of the cylin-
der (where the upflowing vepour first inpingea) is much higher than
over the rest of the cylinder. Similar results were also ohserved in
the unsteady-~-state bundle experiments. In addition, the use of a§ par-
tially insulated cylinder showed once more a considerasble increase in

CH at the bottom location af the cylinder.

5. The wall temperature et which CH occurs for a given cylinder
was observed to vary ronsidersbly (310°C from the average) due in part
to differsnces which were cbserved at different angular positions but
moatly becsuce of the difficulty in determining the.éxact temperature
at which the CH occurred. The variation from cylindar to cylinder
was aven greater, although an attempt was made to control the surface

finish of the cylindera. Most of the variation from cylinder to

- Al
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cylinder must be attributed to the difficulty in measuring the true
surface temperature since it was known that the location of the sctusl
thermocouple Jjunction at the edge of the heat flux meter could not be
controlled to the desired specifications.

Rs expected, when the level of subcooling was increased, it
was observed that the CH occurred at e higher wall superheat. This

average increase is reported for the levels of subcooling investigated.

8. Overall Average Heat Flux Density

1. The overall average critical heat flux density at saturstion

on a single copper cylinder is about 110 m/cmz with a standard deviation
of 12 w/cmz. This value is in excellent agreement with that predicted
by Zuber's equastion for boiling on a flat plate which is based on a
hydrodynamic instability model. These results suggest that Lienhard's
recommendation, which claims that the critical heat flux density for
:large ¢ylinders should be 90 percent of that predicted for a flat plate,
was not appropriate in this case, although CHF values found here are
uithip the limits he suggests for his correlation. On the other hand,
the seemingly good agreement between measured and predicted overall
average critical heat flux density may be fortuitous given the rather
large angular variation of CHF which was observed around the cylinder.

Moreover, an increase in gverall CHF was observed for a cylinder of

twice the length. . '

2. The experimental overall average CHF obtained under subcocled

conditions are very well correlated by the equations proposed by Panter
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and Haigh(P5) although, agein, considerable variation of local CHF

with position was observed.

B
3. The overall CH for & 15.24 cm long cylinder is approximately

20% higher than that of both the 11.43 and 7.62 cm cylinders. Consid-
ersble effort was expended to determine the cause of this increase
without success. It can be stated, however, that the cause of this
increase can not be trsced to the experimental system or prézedure.

It is suspected that this increase arises because the natural convec-

tive flow around the cylinder is larger for the longer cylinder. -

4, It has been shown that adding a thermsl resistance at the sur-
face of the bolling surface (suﬁh as electrogplated metal or oxidation
product) changes the boiling curve that is obtained during a guenching
experiment., The greatest effect occurs at the critical heat flux at
which point the criticasl heat flux density may be reduced by as much
as LO¥% when a copper cylinder is electroplated with a very thin layer
of nickel. In this case, a thermal resistance 18 introduced at the

nickel-copper interface.

8.3 Steady-State Calibration Experiments

.Many experiments were performed urder steady-stpte boiling
conditions with an electriéally—heated cylinder in an attempt to obtain
a direct calibrati&n of a heat flux meter which was installed ih it.
Although these experiments were nd% completely successful in achieving

the stated objective, they did provide additional information which
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was pertinent to the overall objectives of the program. These are
summarized below:

(1) The rate of cooling did not affect the critical heat flux den-
sity ss recorded by the heat flux meter. Furthermore these experiments
demonstrated that the same critical heet flux was recorded whether the
cylinder was heated from a low temperature (nucleate boiling) or whether
it wes cooled from some high temperature (transition boilling). This
implied that there was no hysteresis effect. Hence the boiling curve
chtained from the gquenching experiments is representative of that which
would have been measured under steady<state conditions.

(11) An analysis to determine the temperature field in the vicinity
of the heat flux meter was performed and it indicated that the heat flux
meter, although very small relative to the overall heat pransfer area,
did affect the temperature distribution in the vicinity of the heat flux
meter. The resulting temperature depression, along with the added ef-
fect of a thermal resistance between the copper plug which.gastained

the meter, was determined as being the cause of the failure to achieye"
a direct calibration factor for the heat flux meter. This result was
a;betantiated by direct visual pbaérvation of the boiling phenomena.
Thus it is concluded that the particular design of the heat flux meter
used in these quenching experiments cannot be used effectively ugder
steady-state boiling conditions. It may be concludad, however, that

this effect does not play an important role in the quenching experi~

ments.
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8.4 Unsteady-State Bundle Experiments

{

A substantial increase in heat flux was observed with the\
unsteady-state bundle system. The largest increase occurred at the
bottom of the cylinder. The results obtained with this system corrob-
orate those found with steam injectlon underneath a single copper cy-
linder. There was no evidence of a decrease in CH with the 5 row
system even when live steam was injected underneath to simulate ad-

ditional qeys.

8.5 Steady-State Bundle Experiments

1. The reproducibility of the local data on a single tube has been
~established both on a copper tube and a chrome-plated copper tube.
Although the shape and the position of the boiling curves measured
varied from tube to tube, it remained roughly unchanged for a given
tube from experiment to experiment. Moreover, the CH density was

roughly equal for all tubes investigated. ©

2. The average critical heat flux density obtained in 8 single
tube experiment on a 2.67 cm 0.0, tube was about 190 klu/m2 with a

standard deviation of roughly 5%. This value corresponds to sbout

80% of the Zuber's prediction.

3. The average CH for the 12-tube bundle was approximately 20%
hbigher than the one ohbserved for a sinale tube. Since it is well
known that under some conditions (particularly those occurring in re-

boilers), the upflowing vapour can cause the critical heat flux density

a o s i AT o ot msmrm W tmed nWEe A
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to be substantislly lower, it can be concluded from the results ob-
tained with the two bundles that the efféct of vapour generation on
the critical heat flux must be strongly dependent on the clea£ance
betwean tubes in tha bundle. Reducing. the clearance to some value
‘would inhibit the vapour~liquid flow end thus reduce the upwerd Flow-
rate or ceuse vapour blanketing; the CH of the bundle would decrease
accardingly. There is no evidence of a decrease in CH at least for

the two systems investigated.



CHAPTER 9
RECOMMENDATIONS FOR FUTURE WORK

As with any major research study, many aspects arise during’
the course of it, either by ditect ohservation or through analysis,
which require further study or investigation. Some of these are sug-
gested below:

1. Length of Cylinder

-

One major prablem which was left unresolved was the influence
of iength of cylinder on the critical heat flux density. The spproxi-
mately 20 percent increase in CH which was observed for a cylinder
having twice the length of the cylinder, which was used in this study,
was observed with three different cylinders and therefore length must
play 8 real role in determining the critical heat flux on a large
diameter cvlinder. It was suggested that the increased natural con- ‘
vection caused by the loﬁger length could be responsible for this

increase.

There is also a possib111t§ that the lsrger CH could be caused

by a hydrodynamic effect whereby the heat transfer on the surface is
~

limited by the number of possible escaping jets that the length of

the cylinder can accomodate. This effect may be resolved by performing

[ ]

quenching experiments on a very long cylinder (say 30 cm), equipped
with a heat flux meter, and then reducing the length progressively

(say in 5 cm steps).
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2. Dizmeter of ths Cylinder

The overall average critical hest flux was well predicted by
Zuber's equation. It was suggested, however, that in the light of the
severe variations of CH around the cylinder that this exc$llent agree-
ment may be somewhat fortultous. This effect may be resolved by per-

forming quenching experiments on cylinders of larger and smaller diame-

ter.
3. Tube Bundle Effect
A. Experimentsl Program

There is a considerable smount of data gccumulated on boiling
in tube bundles which contain a lerge number of tubes. In most cases,
there is a substantial reduction of the overall CHF for the pundle
compared to that for a single tube. The results presented in this
thesis and elsewhere(P3, W2) show that for a small bundle there is an
appreciable increase and a vapour enhancement rather than a penalty
should be applied. Therefore there is a need for a systematic inves-
tigation of boiling in tube bundles to understand the intrinsic boiling
phenomena within the bundle.

As a first-'step, there is a need to investigate the effect of
the pitch-to-diameter ratio with the steady-state tube bundle system
used in this investigationm. Exper;pents should be performed with the
pitch-to-diameter ratios usually used in industry (1.25 and 1.50). 1If

it is demonstrated that the tube spacing or arrangement is not &
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Jpignificent paremeter for emall bundles, then larger bundles (greater
number of rows) should be used. If the bundle size is limited by the
ateam supply, a8 it was in this investigation, then perhaps a new e;;
‘perimental system should be designed in which:

(a) A liquid with lower latent heat of vaporization (e.g. Freon
13) is used.

(b) GSmaller dizmeter tubes are used (say 1.25 em or 1.75 cm tubes)

B. Development of a Bolling Two-Phase Flow Hydrodynamic Model

It has been suggested in this thesis that the low overall aver-

age CHF values for the bundle may be caused not by a "vapour blanketing"
.effect but by a "liquid starvation” effect. This means that the liguid
flow into the bottom of the tube bundle may not be sufficient to satisfy
the demand if all tubes are‘operating at this critical heat flux. This
hypothesis can be ;ested in two ways:
1) Direct measurement of wvelocity profiles in the cross-section
between the lower row of tubes and hence the liquid mass flowrate under
given operating conditiona,
¢ED) Development of a mathematical model for the system based on the
boiling and two-phase flow phenomena which occurs in bundles. This
madel requires: -
(a) Boiling curves for the tubes of the type generaéed by this

study which include the effect of rising vapour and liquid.

(h) Pressure drop of two-phase mixtures through tube banks under

Qarious ggs and liquid flowrates.
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~

(c) Vapuur\hoia-hp\sprrelations in two-phase flow for tube banks
as a functioh DF\SE§ éad liquid flowrate.

Each of these two-pha;:'flow studies would be a major undertak-
ing. Obviously the velocity profile measurements would be a way to test
the model as would the direct measurement of heat flux density on each
tube in the array.

These studies would provide very valuable information which

could be used to improve the desinm criteria for horizontal reboiler

systems. s
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APPENDIX A

TABLE OF PROPERTIES USED IN THIS STUDY
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Properties Unit Water Heptene Copper
Molecular leight g/mole 18 100.2 63.5
Boiling Point deg. C 100 98.4 —
Lat. Heat of vap. J/g 2256 320 —
Thermal Capacity 3/qC 4.216 2.242 .381
Vapour Density g/cc .000598 .00348 —
Liquid Density g/cc .958 .679 —
Viscosity g/cms .00282 /( .00208 —
Surface Tension Dyne/cm 58.8 . 12.6 —
Thermal Cond. W/ecm C .00681 .00133 3,738
Solid Density g/cc —_ —_ 8.894
Zuber's CHF W/cm? 110.7 23.6 -

§
1 Dyne = 1 g.cm/s2 = 107N




EXPERIMENTAL RESULTS OBTAINED WITH THE
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APPENDIX B
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23, 5.28 5. [ L Y] 120.2 19t
RV}
January 31, 1178
ha 5.1 029, a6 172 10,1
7. 5. % 160, 807,9 "2 10,7
. 5. 26 1770, a6 119.) ¥71.2
3% 5.23 1800, 881.6 19,1 179,
86, €% 1500, wrs 21,9 167,14
46, 5.6 1235, %2.0 121.9 82 9
7. 6.51 00, 677.1 w56 60.9
58, 6,50 $70. 9.8 W 63.5
4. 5.62 120%. 65248 127.3 163.2
52, 5.66 258%. 12p. 281 162.2
. $.92 1160. 1.7 338 15,0
b3 5.88 TOL0. 379.7 12.7 %a.4
39. .24 1220, 90,9 119 ) 73 1
9. 9.28 1S, 9%6.0 119,y 17¢.8
31, 5. 1% 1999, 1265.9 "hLs 1028
. 5. 1% 910, WL " s 49,3
9. .00 773, 62,1 1163 ALY
9. .99 &9, y76.0 1%, T"2.7
2. L. 75 3s0. 371,86 .2 53 )
2. .73 )60, 563.4 "o, 6 %.6
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STEAM-HEATED SYSTEM

Rew Dste fAolling CTurve
Fressire Yero Vol Gre Yew Yero. rest Flux
(psia) (mu) (cc) (s) (oC) (wui/wd)
Run &
February Y, 197
22. 5 26 1330, &40.4 119 8 177,
22, 4527 1350, 6h7.3 120.0 1.8
22, %.28 1355, 650.2 120 ¢ A
22, 5.28 150 650, 1’20.2 77
22. 5.27 100, S1,1 120 0 "8 @
22, s 2 10, 671.2 119.8 M2
2. s 2 1330, 6654 116 @ Rh e I}
2. s 1378, 631.6 120.0 170.0
21, 5.26 Whg, s 19,8 161.%
21. 5 24 1230, L8.2 1198 162.0
21, L2 230, A9.4 119.8 196517
21, .26 1230. £49.7 19 8 ALAM
21 8.5 1330. 0.9 119.8 h,t
26, Y 1295, 56,1 12).) 9.8
32z. 9,61 AN 531,14 127,10 95,1
37, 7% 1240. 47,8 130.0 172.8
%N, 6.0 760, 3760 137.2 AL N
7. L.92 0%, «20.8 192.6 83.0
fun 5
February J, 1975
L8, 5.h7 1768, AN .} 128.) 1994
. 5.67 1525, 6,5 128.3 197 6
3o, 9.9% 1330, 69).6 12%.8 Rt MY
39, 5.9 1825, 867.9 126.0 176,
%1, .78 9.0, 46,3 130.6 197,73
0. 5.8 1550, 6334 130.6 203 4
3. 5.46 1080 .~ LRI Y 123.9 w2
3. 5.4% 1000. 67,5 1237 we.8
<% s a3 27%0. 913.% 133, Faopll)
55 £, 2170, 88%.0 LRI 2k
bl s N whi. £31 1 AR Y 2%y 2
e, -, 13 1634, 31,4 1378 212,
0. ~. 28 W40, A2t 6 APV FALNES
0. ~.28 0, 6%%,1 w0, ? FALTR]
. S8 190, Y. 2 W 0 a8
i £.la w0 652.6 e 08,0
2. 5,33 a3s. .8 121.2 100.4
23. 5.3 ko e 633,53 1”202 WK b
19, <2 650, 05,1 18,9 8.9
19. 5.23 660, AL IR 219 « 19,3
12. 5.00 L15, 616.0 LRINS | 8.4
1. 5.01 660, 995.4 LALIR) 57.4
93. bbb 1320, 623.0 Wb AR
93, 6 48 1605, 765.7 13,0 8.8
82 .12 1620, 646,2 17,6 203.2
L8 6.1 1660, 618.1 8.0 295 18
. 6.02 8%, 2% 1 ALY 212.)
Te. 6.02 2%, 826.1 138, . PR} ]
hS. 9.84 1710, 590.8 132.7 203.0
6%, “.Aq 20%0. 429.0 32,7 200.9
53, S0 1350, 6104 5293 169.0
(3] 5.58 1960, 602. 1266 0.6
2 S un as0, 594.8 hP{ WY 120.6
20, 5.3 $30. 1.6 120.8 80.?
YN
Faeproary &, V7%
73 Loy wis “Ag.) AL es LA
", LYY was %61.1 1w, FALIN.)
1. fan® 1549 “62.) we 2 2.
e, “. Ay 1490, 602.5 191, 212
a 5,089 A0, %1.6 1533 09.%
" [T wm, 515.8 %e.? 19,9
62, 6.27 2170, 0866.2 Wws,7 20%.9
9. 6. 1220, 5%0.1 134.0 1y 2
&7, S.79 1415, 703.6 1.9 167,
¥, 5. 880, %2.2 132.8 LD AMN
9. 5.60 805, 6£36.% 126.9 1.0
19 5.3 <00, RN ) 121.2 50.0
7. £.86 y30. €02.3 111, 31.9
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INOSVI AL O JBRATION

Roe L3 Curve Reou %n Boilin v
Tudbe Na. *soule ) e e . Hest [lux Tubw No. Teure Co N " ~ P, Hea x
(s) :g) ¢ ) (o) (s) ey (Ra/m)

(psiqQ) (mv) {cc) (palg) (=]
Xty 3, 976 Aguat 3, 1976
1 30 .82 762, 0.0 105 1%, 2 %, .. 9% 706, L0 8 1M, "2
' 0 [ ) T, 505.2 110.3 32 a 2 <. .93 431 wg a 11,2 no.
' 1, 5.8 922, 00 16,9 2.6 2 86 6.80 Wi, L2 1514 8 o
) 51, 5.07 6. 978 13,8 176 3 2 o5, 680 529 0.0 e g 83
1 51, 5 28 933, 430.2 120.2 179 8 2 (%S RS 0 e AR IR 201 Y
1 <1 5.8 8"0. 433.0 122 3 %5 2 2 L*3 LTS 710 gy o 12y 9 94 g
1 >t 56 9% 33,2 123,7 19) - 2 % 5.8 652, 2™ 0 124, 4 199,y
) v 81 866, 99 8 110,) e 9 2 31 C % 93 W90 8 138 51,0
1 2 ..80 6§68, 478,68 10,1 W F 31 b 96 73 9.0 1y e oy
1 2 479 T, 4350 09,9 150.0 2 49, s 23 680 285 0 119 & 198,
1 3 [ 817, 262 13,9 ol 2 «3 5.8 781 322.8 119, % *0.9
1 37. [99:'8 931, 5.8 110.9 W o Fs Y3 6 09 663 %a, 0 137.0 &)
. 62 PR 1), 818 6.1 4.3 P 6. 6.06  B&D 426.0 1364 ﬁ:;
! 62. 5.95 M5 69t e 1361 L0 2 6. 6.0  82. 48 16,0 61,6
1 L3, b 52 T, Ja3.8 12,6 1.4 2 29 .96 869. L9y 7 1Y 5 ws, 0
. (3.8 .9 &7, 29,4 112.8 1701 2 9 L.9% 920, 41y 2 113 2 151, 4
3% “.50 n7, 370.8 1101 6k .8 2 <2, . % 719 298.8 121.9 196, ¢
. 35, 4.60 829, 635.0 10.1 160.2 Fe <2 5,33 8, 1.8 1212 90 o
! 3 4,80 710, 4.8 0.1 63 3 2 102, 7.1 397 59,0 158.5% L]
! 99 6.63 32, @210 s 5eb 2 0, 715 35, 820 158.5 %8 ¢
! 9. 6.%8 366,  6A6.8 7.0 5.4 2 28. L% 6 358 2 13,5 6,1
1 18. L6063, 7.2 10%.8 2.4 2 28. .9 2. 313.0 1133 ek
! 8 LS8 670, %50 1038 9.6 2 65, 579 Wk, 1% 8 108 2
1 3. s} 642, 322.8 10,1 166.9 2 65 5.7 650 27 0 1304 1098
2 6%, 5.79 661 94,0 13.8 8L,y
Jooy 1S, M fuguet 12, 197,
1 s «.80 9%, ’sa2.8 10,1 0% % 3 .. 5.9 790, N0 116.2 180.8
[ 6. .81 8. 426,0 10.) 1ok, 8 3 P S 56, w23 118 8 @y -
1 3, .27 0. 60,8 120.0 wis 3 V3, .88 "2, L05.8 114 8 183~
. (38 L) 876, 49%.8 1938 e, 3 3y, .86 937, 2y 2 119 ) 19 9
1 ¥ 9.20 845, W1,0 na.s 9.7 3 " <97 m T ay . 3 5
1 o3, $.5%8 0%, 578 0 LFLNN WS 0 3 Prs Y. 90 886, w0 = 33 PR
s ) 257 800,  ws.8 .2 o 3 66 592 8y «80.0 133y 0
1 " “.8C 679, 36Q.0 110 1 %9 2 3 1% L ont 537 63y O B \ "y
N 2. L.82 705, 3066.0 100 6 & s % . 60 6.8, v 2 09 B
} 32 L8y 957 4%0.8 00 6h.2 N 62, 6,97 452 (AT Tom B 6.0
1 1. L% 670, %8%.8 0.0 9.0 3 82 6.9 S 539.0 o & be,2
' ! L.56 728, 657.0 10%.0 756 ] 82. 6.% _~$03, sl g [N 68 2
' o 502 8. yis.e .7 N 3 «). 5.09 895, Lz V6.2 .
: «0 5.02 73, 32 e mr e 3 3] 5.06 Y 188, 3% g 1156 54,8
1 3. .80 635, M. 2 110.1 15%.n ) 38, s 00 838, Vg a 116, ) 1,8
' 00 6£.80 318, 3.0 51,3 L 4 b} L% 4.99 %7 %69 0 19 3 1,9 "
' s 5.98 785G, 390,0 e,y 158 9 3 57 5.3 W, swo 209 1963
! 73 3-97 69 30,2 s "y s 3 <7 b3S 5L T RO 120.8 202 8
! n 480 7% L00.2 10.1 159 0 3 b 5.29 671 280.2 2L s
3 10e. 6 88 37, %86.2 "B 0.7
3 102 6.88 87 610, 2 1Y 0,8
3 8 $.09 649, M 8 "e 2 1962
3 L8, .09  "c2 300 2 e 2 1.8
August &, 197 Agust 18, 1976
? s, 5.01 9%, $20.8 1.9 155 2 3 [ “.26 768, .2 1ia g
H 33, 501 g7, M0 M4.5 08 ) % 5.26 842, % 2 119.8
2 &5, $.19 6, K344 18 ) 87 2 ) 64 692 w73, 2850 7 &
2 5. 519 849, 367.2 1a 3 152.6 3 [ 6. % 632, 7.2 138.0
2 2. 7.18 49, 640.8 159.1 619 J 17 L 7% 1) 370, “09.2 2.8
F4 02, 7.16 533, 661.2 158.7 [Z9R ) A) [ )] 362, 388.2 112.8
h 2 $.00 806, 649.2 . 1143 oS 9 3 10). 7 K 3%9. 5%6.0 %2 3
Z 2%, 5.00 6. 0.0 11,3 ERRACY 3 9, 7.3 2. 97,8 162.1
? 2. 5.00 836, 634,8 T 3 12,1 )] 8. 599 sw, 232.8 1369
2 52 S.46 787, ).8 1?2y 3 W9 6 3 %8 6.01 607 273.0 195 )
2 sz 9.0 8eh, 390.¢ 26 L 88 1 3 3. 5.67 97 25).8 128.3 &
2 %0 562 858, 2.0 122.3 190.1 3 . %.60 591, 262.2 28,1 .5
by e, S.05  81), 34,0 129.9 192.6 3 9 6.9 w0 Hy.2 wr,2 .1
N 28. 5.00 B, L87.8 ARTYS Wi Al ke ] 8.7 267, 345.8 %9 & 5.2
2 20 5.0C X8, $38.2 AATYS | w2z a 3 57 5.81 “1%. 238.0 1312 190 6
b4 o8, 5% 9 %05.0 133 9 92,1 3 5 5.8 W, a2 1316 1%,
H 8. 5.9 @72 61,2 33.9 1.5 3 LEN 5.2 5y 3w 2 119.8 WS,
2z 67, 5.86 (A7, 358.8 132.2 93,3 b 37, 5.2 64S, 20%.2 11948 %0.3
2 . 6.9 1%, 292.8 17,8 0y -
2 "3, ouls 7%, 310.2 138 2 19 0
H L 837 b, 323.2 w27 199 8
2 x. L. 18 7). 316.8 2.9 96 7
2 W 500 6OA. £90.2 LAY "y
2 25, 5.00 509, .0 W, ) LA RNS |
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INOIVIOUAL CAC IBRATION TUBE BMOLL
Ry Dete Rotlling  Furve
Tube No. Pressurs Tube Mo. Preasurs  Tewo.  Voliw Tisw "F' ~--rr;u-
(peig) (peig) (my) (ce) [C)] [S}] (Rasm’)
Auguet &, 1976 e 7, W7
3 37, 5.2% 726, 35,6 1199 10,2 1 61 6.02 689 ¥96.9 1% S w2.8
3 37, $.26 2. 372.0  119.8 w0, 3 1 0 6 02 7. 38,8 138 S AIC I
A\ o8, 4.9 591 309.0 6.3 "7 6 1 99 70 420. w9 18 1 D2 )
3 8 5.97 61). 2600 148 1%5.9 1 7. LI o] 578, 826 7 99 & AREY
A 0%, 7.3 597, 9.0 829 a, 1 3. 4,00 83s. 93,9 AR § " oa
3 0, 7.3 . W8.2  182.9 (LY 1 54 3.40 843 57,2 A ‘92 2
b "w, L9 332 %a).2 12 49,0 1 63. 6.02 590 10,2 ey %9 »
] Al L2 366 403.8 1126 IR ! 7 6 61 5C3 3% 9 w? b Moot
\ i [} W, wr.2  112.8 991 1 %, Lost (1) 26 16,7 86 ©
3 AT s 8) w9 72,2 L6 15 9
3 S )] 656.. 32%.8 WM e 6,2 ? 24 L.87 521 396 6 11 e LARIEN
1 53, Ay S68. 259.8 12409 180.% 2 o8 5.06 7. WE 7T 1364 18g.¢
3 $3. S 47 820. b) o O F N 179.8 2 1, L.40 %0, 35,3 16 179,9
3 b9, 6.6 261, 15,2 W7.6 s 2 2. 4.23 218, (YoM 98.0 &L.9
! 69, 6,63 327 583.0 4.0 5.7 2 19, [Pe) 7S, 356 1094 914
3 57 S.09 ae0. 388.2 7.9 182.7 2z 7. 1 5.6% 952, .6 .9 199.5
3 57, 5.0% 695, RLE 9 178.3 2 32 6.78 82%. 5.0 1511 7M.z
3 7 5.67 651, 289.2 128, 09,7 2 50 .28 838, 366.2 120.2 *89.9
) 3, 5.26 (L3N 6.6 119.8 1.1 2 30, 5.0k 592, X069 1181 162.0
3 3. 5,26 K15, k.2 19.8 113.2
1 93 Sab2 886, P71 1231 1.8
4 0. 5060 7% 126,9 12364
1 3. 5.0 850, 3824 227 N9.7 -
? 19 a0 )%, 10,1 96,7
AuGuet 18, 1976 1 53. 5,62 929 30%. 6 123, ¢ 199, 4
F 19, 480 W0, 0,1 0,k
“ w9, <29 7. 330.0 120.% WS, . 1 52. 5,60 a2, 326.2  122.7 208,70
« «9 .30 A7 £39.8 120.6 183.7 2 7. 6,00 870. 135.1 24%,9
3 75, 6.73 %, $80.2 1%0.1 46.9 1 49, $.30 ~81, 326.7  120.6 98,6
4 7%, (A2} 418, 6.6 W96 %0.9 H 9. $.20 801, e s 203
o 3s. 5.8 8%, 08,2 18,1 1%7.9 1 3. 8.0 8a7, 330.9  '20.n 222 5
. 35, 5.1% 919, 20,2  117.% w2 H 83, 6.3% (31D w3 203.5
4 oL, 3.3 864, 370.8  12%.k 191.8 1 1. 64 340, 3.7 38,7 ~9 7
& 0. .54 864, 38%.8 12%.6 18s.2 2 87, 6 51 87, ALY 202.0
“ + 3, 5.5 922. 23,0 12%.6 M. A 1% o, b o, 13,1 '06.7 58,8
4 67, 3.% LN 32,6 134.) w0, % 2 6" $.60 0 vy 126.9 220
« =7 5.9 0. 399.0 LD 193.9 1 1., L6k 3%, 3 L W0e.? 8 .6
. - 5.9 Tek, 4188 133 6.5 2 3 $.5% 658, see g we 3
3 e .30 X7, %27.2 V20,6 176.) 1 ki 6.30 635, L1286 w1y =g e
. Ly, $.33 919, 428,64 120,86 6.9 2 30. $.00 682. ARCYS ) . L
. 19, 4.0 608. s86.8 1119 88.” 1 ~2 6,23 I22. 3.6 VW9L@ e,
. 19 L8 619, 6e9.8  110.9 81.% 2 2. 8,65 955, 17,9 239."
« i3, 0 387, £30,0 61,7 49,1 ) 1 6.28 785. 372.3 0.9 "L
“« 13, (S R w26, 676,86 161.7 0.6 2 ab. 6.42 916, %3~ 499,C «
. 29, 5.00 a8)7. 828.0 1.3 AR LA bl 1. 620 . M9 9.2 1856
. 52, 4.60 500. 398,k 126.9 0% 6 2 . %63 W6, 27.% 2¥s.0
o Le. 5.60 a2, 360.0 126.9 AL YN 1 3, 5,60 839 336.7 122.7 204,Y
& L4, 5.3 nr. 360.0  120.6 2 e 2 30. 5.0% 584 1184 16,6
t “d. $.38 %3, 360.0  120.6 176. %
August YT, 197¢ e 9, 977
“ 8, 5.10 49, 396.0 1164 8 1 1 61, 5.60 8.0, 315.2 6.9 219.3
« %8 $.11 892. 272 1.6 73,5 1 0. 5 9% 81a, 336,64 129.8 X0 2
3 (") 5. 11 830, 39).0 V6 6 1058 ! 106, 21 3950, WS.7 %9 7 7.1
“ o, 5.62 %3, 3788 20 %.0 1 12, G0l 96, 55,9 06.) $4.0
o 68, 5 92 952, 4710 12903 5.6 Al 55, S.88 BaY, 3433 1t 230
A 1 b4 55%. %85.0  W6.7 81.4 1 69. 6.10 a2, 352,52 191.4
4 1 bbb 568. 480.2 106.7 84.0 o
5 03 6.9 &32. 619.8 1547 5.8 H 60, s.%8 910, 372.0  126.¢ 2014
4 101, 5.97 7. 398.2 1.9 .8 2 12, £,70 295, L082.6  108.0 o3
L n. 6.02 879, 487.8  135.% Wh. ? 1. 6,23 M2, I50.6  139.9 1%5.9
4 ” 6.07 700, L36.0 135.6 130.5 2 %. 7.02 65, s 15%.9 9.7
4 . 6.17 8¢, W2.2 18,6 125.0
A 49, 5.1 828, 6.8 116.6 08,4 3 39 .89 10%8. 8.2 s2n 202y
[3 w9, s5.1) 9. &3)3.8 17,0 187.6 b) 97 6. lty 290, [S Y AY We o [SI]
“ . 4,91 0. 377.8 124 137.3 b) a3. 5.3% ar, W96 2% 3.8
. 3. 6,91 792, 475.2  112.6 w7 3 1, &2 LAY, 3as.s 2o Rt Y
4 63, “.3) 900. .0 wne 192.9 ) &0, 72 o, 392.4 086 w9 &
“ 60. 5.3 917, 386.2 1214 1944 3 4 e, 5.0 90, 36k.b 1164 2w 2
4 HY 9,45 718, 325.86 1237 185,00
4 nY, 24 B68, 375.0 1233 190, 1 1 57, 5.8 A%, 1.7 & 22100
o 1Y, 6,53 &5, 60,0 6.0 60.1 3 . (9% 24 1310, 1137 26,3
. [ 5.09 7. IO 116.2 | 1759 1 %6, 568 SRS, )95 126k FIL IV
4 b, 5.09 136, 3.2 6.2 178.8 3 3 loe e 520, 06,7 2.9
1 8. %, %0 82k, 328.9 126 8 206.9
3 57 4,78 827, 1097 207.8
N 1 0. .62 ™. 304, 23 s 206.4
3 5. 6.)% 25%, ALY SR} k9.9
N 57, 3 &2 o0, )06, & 123,11 210.1
3 % 5.7 204, LALNYY 299.%
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oy Deta i) iurve . Ao Owte Aallir “urve
Tuoe Mo,  Pressurs  Tero.  \oluee Tiew 5?. O o Twe Ma.  Fressure  Teep.  Volues Yime ‘5""' neet 7; x
) (ra/m®)

(peig) (w) )  « (pwig) (w)  (ce) (9) °ry (maa/n)
dne 9, 1977 (continued) due 11, 1977 (continued)
) 51, 5,48 a8, LY AL 2% g 1 62, 5.69 818, 33 127,98 21y 9
H 68, 4.60 I, 126.9 238 . . 5.20 932 118, W,
3 9. .06 1092, 13,6 263.2 1 62, 5,69 815, 0.6 7.9 209,
1 . S 6S 683, wo.8 17,9 B0 9 & 7, 5.22 965, 118.3 244 7
2 4 69 3.% 1)), 126.0 1.2 1 6%, 3.67 63% 318.6 128 ) 218 )
3 &5, 3} ax 9.7 1728 & 28 4 & 40 13, "
1 8% 5 48 €20, 38,9 20 2% 6 1 62, 5.67 0. 9.0 128 ) 204,99
2 ob. Y5 5% 879, 124.8 2 8 . 89. 5.29 992, 120.4 26V %
3 3 4,92 930. 12,6 240,
[ AR %.% A1 el 1% 0 FARN
1 “r < 0 8y, 320.8 2t 8 2% 3 2 69, 3,97 891 a2 PR
2 AN “As 590, AR Y ARLIR Y . 8) 428 hs 122 268
3 5 . 87 818 My 29 3 1 61, % a0 3.9 a0 My
. o Y ey °01, 019 126 ¢ G Q 2 "9 5.%7 RS AL 29
2 3 5 8 30, 154 wa . & 8) 4,28 A0S 2002 FARNR]
v 3¢ 5.9 %4, 16 2 2513 i 3] 5.%8 830 A TR N e
1 [53 ., 5% 2% I v s 208 2 (%8 5.5% 92% RRL Y KT
< 3 5.0% S60. 15,4 e ™ & 23 .76 Lleg 109,2 12,0
Al 2. 4.8 227, 9.9 9
1 65, 5.8 hedl 306.8 126,46 206,2
2 56 5,62 %S 392 6 127.) 9.8 2 70 9.% 992 126.4 2.0
3 2 517 268 9%.7 %9 & 3 0. .93 b, 142 8 229,23
2 5% 5.2 ™. 320.C 12%.2 200.3 & . 5.22 929. 148 9 2485
3 61 . 85 a1, 111 ) 2304 1 6 5.%8 . 92,9 126 216 8
2 56 5.%% 840, 350.%  12%.8 %0 1 2 k) 5.%8 820 26,6 x2,8
3 93, 5 11 6%, 116.6 2y 9 3 60 .95 8%, 1"y,2 PARI]
2 5. 9.%% ., 2.6 12%.8 21,2 & 6. %.22 8% 118.9 24),9
3y 93 5 10 932, 116,46 280 M bh, S.62 810. 3010 27 2239
7 %6 [T 680, 2280.2  125.8 200 - F4 bb. %.9% 919, 25 8 2%3,3
3 9) 5 09 a7s 116.2 2% 4 3 8 4.9 A90 1,2 29,4
2 “5 5.8 7N, 2.7 126.0 200.9 & 21, L0 439, 08,0 26,6
3 93 .09 32 16,2 69,1
2 %6 .9 699, 267.%  125.8 A0 8 z 45, 5,50 el B MU, 7 26 9 29v.9
Al 93. 5. 10 ;5.3 116 4 %04 3 86, L,9 7S, AR RS 225.2
& A) 5.2 0aS. 19,1 PLCIR
1 19 [T 280, 32.6 8.6 796 e 5. 3.60 %Y. .7 26,9 200 <
2 29 LR 87, 15 4 AT 3 85, L9 910. ARB A 2392
y 93 " 83™ 1", 6 2% 3 3 84 .26 WDLS 119 Y et
. LN . 289, MOLT 088 [ 2 8, NS »o. 317,920 Rl
2 w 9. L. %3 15,0 AR T3 3 0. D > 925, AR D B PN
\ «y <Ay 904 116 4 2% ) - 22, L0 &% 1926, Y
A e LI e 38,9 8.8 R9,2
? W S e (Y 118 1 AATAR ] H S %.60 732. X8 12,9 .
3 59 .88 778 111.8 9 2 & an $.18 007, AR PPN
2 Sk 5.60 e, 328.8  126.9 AL R
' (LN & 89 a8, 3330 12,0 99,2 3 8?7 5.0 3020, 118 ¢ A
i 8., [N 320 17,7 0,2 a% v b4 5%, 5.61 2. 3ok . ) 1271 ‘a2
N 2 « U (X 3850 B.g 19,4 & 3. L7 60 109.9 %9 )
! " g arg, W16 134 7 208 %
i 8 o 00 268, e 8 151 PREN 1 “h S.68 azr. 4.7 128, AN
' 97, 6 39 s 887 5 w2.) 85 3 N &0 90 AP MoV
s 80. s 0B B, ¥13 9 1%.D 26 3 L r (Y.} [R]3 909, BALN-}
1 »3. 5.%8 127, 29%.9 126 & P A
3 88, Lo a8, 11y 0 2% Q
) a<, 5.23 98, 119 4 Ju9 %
e 11, Y N »3, S.AQ 8%, 306.) 12k @ el
) 86, 8.9% 9%, AR TR Pt e
' . C Wy w1 %Y 12y 7 e 2 L} 87 5.23 %0, 119 8N
’ 9 LY N 329.2 2 6 "y
i 3, w9 (AR 128.5% 0y < ARG AR A 83 S W% [ 518 30,0 197 0 ‘A8 §
) AN s O R R 2.6 1186 e~ & 6. .70 %60, 08 0 10,6
1 i [ (3 308 & 190 % s, 3 ol 5.9 ~o0 AL 1ALy 83,9
1 L3N 5 26 Nl 320.2 119.8 Y O “ 8a. 5.17 a7y, 1°° 9 233 &
1 [N .7 m”m, 306, 120.9 209.0 3 83 %.20 o, 306.)  creLs K.
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APPENDIX C

EXPERIMENTAL RESULTS OBTAINED WITH SINGLE COPRPER CYLINDERS

»

The data presented in this appendix were obtained on single
12.7 cm diameter horizontal copper cylinders which were instrumented
with a hest flux meter. A complete boiling curve was obtained for
each experiment. However, only the critical heat flux density (CH),
the temperature at which the critical heat flux occurred (TCH ) and
the inverse calibration ratio (I.C.R.) are presented in this appendix.
The block number and the quenching bath subcooling are given for eacn
set of data. The data presented are for a 7.6Z2 cm iong.cylinder, for
slde number 1 of the heat flux meter, in distilled water and with no

external aglitation unless specified otherwise. '
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DEFINITION OF UARIABLES

BN - Block number

N - Side

CN - Code

0 -

ra

1" -

2 -

IJ -

RUN - Run

numher

number

7.62 cm long, urinsulated

7.62 cm long, insulated to 607 annle
7.62 cm long, insulated to 30° anqgle

15.24 cm long, uninsulated

197

15.24 cm long, insulated axially to leave 10.16 cm length

15.26 cm long, insulated axially to leave 6.35 cm length

I

11.43 cm long, uninsulated
+0.020 mv to rnormal difference temperature offset
~-0.020 mv to normal difference temperature offset
00085\1 and 83 together

vapour injection system

I = 7 ~ orifice upstream pressure = 20 psig
I = 8 - orifice upstream pressure = 40 psig
I = 9 - orifice upstream pressure = 60 psig

J = 1 -~ distance between the sparger and the cylinder

J = 2 - distance between the sparger and the cylinder
J = 3 - distance between the sparger and the cylinder
number

-

ANGLE - Angular location of the heat flux meter

TCH ~ Temperature at which CHF occurred

CH - Critical heat flux density

1]

]

6 cm
19 cm

32 cm
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The following callbration factors were used in this study:

BLOCK NUMBER CALIBRATION FACTOR
2 .528
5 .705
5™ 942
7 .906
8 .786
9 1,008

11 .279
12 .483
13 .9L6
1% .508
15 . 704
17 644
20 1,353
22 .873
23 .706
23* .532

* Side number 2
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WWe W 9 My 2 2n7%
erail 273 3 W0 Yie 028 x 116.6 W
32 w9 13,2 19,
30 8 AR 19.0 AR e Tl
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aturetion .

GJith steem i jection uderneetn the copoper cylinoer.
Pressure vastress of ortfice « 20 psiq.
Staem wodrger iocateo st 13 cm from tre
bottom of the cylincer.
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Laturation
Jith stesm inicction underneath the copoer cylinoer.
Pressure wvostrear of orifice » 40 psiq,
Stesn sparcer locatea st 19 &m from the
, bottom of the cylinder.
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Saturation

aith stesm iniectlon underneatn tne cooper Cylinoer.
sressure wostresn of orifice » 60 pstlo.
Jtesw sparosr locaies 3t 19 em from the

. uotto™ of tre cylincer.
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117 Siean Intettion wncrIMTath e <oopeT Tylinoer.
“reasare  ~stresn of arifice s 20 psiq.
Steen sporoer located ot 32 om from the
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Saturation
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Tuaturetion

With steem 1 lectlon \wdernesth the copper rylinger,:
Pressure upstrses of orifice « 60 peiqQ.
Tisem sourcer locsted ot )2 cm frow the

" bottos af the cylinder,
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Irsulsted slonn the circunference to Jeave
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EXPERIMENTAL RESULTS OBTAINED- WITH THE MULTIPLE CYLINDER " ARRAY
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APPENDIX E

i

.OEVELOPVENT (F THE HEAT FLUX METER ~ PROBLEMS ENCOUNTERED

\\_
. ' Tao often, 1n the literature, problems encountered with the
construction of a piece af equipment or ‘with the acquisition of data
are not’ diebuaaed. As a reault ather reaearchere, doing similar ex=-
perimenta, may experience the same problems and ccneequently lose con~
siderable time and money going .through many of the same development
stepe. Therefore, it 1s the purpose of thie eppendix to. déscribe ell .
the different problems encountered in the construction of the heat
flux meter which finally gave reliable and consistent resulte for a |,
'-eignificant number of rune.' . ' .
As indicated in the equipment description section, this exper—‘
imental program used a disk-type heat flux meter which was an integral
part of a copper cylinder.‘ Many problems were encountered during the
‘silver aolﬂering of the ccnetantan wires into the edge end-centre oF
thia disk Far consietent and reliable reaults, 1t was neceseary that
‘the oonstantan wires and the coppei cylinder form a good joint to pro-
duce a high thermal conductance between the two metala. If there were ‘
v?lams in the solder then poor contact resulted and’ erronecus results -

. were obtained. In the paragraphs to follom, the different tecnniquee

‘used?to produce this solder joint are. diecuseed.

215 !
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Acetylene Torch

" The first obvious method.was to use an acetylene toréhjtd heef

the block.to a temperature.highee than the melting point of eiiver sol-
;>’de£. However this ﬁechniqde was‘not idd successful. Due to the mass
n% copper involved and its high thermel conductivity, it took a rela-
tively long time to heat the entire bleck; excessive nxidation of the

. . copper surféqe resulted and hence this method was abandoned. :

Electric Furnace

’

The next method was to.plece,the dopper block in a steel con- -

tainer,lﬁe'cm diameter by 3U‘dm long, which in turn was placed in an

g

lectrically heated furnace. The wires (.254 mm) were placed in the
Holés (.279 mm) of “the disk, The silver salder and flux weve placed

ground the wire, which prutruded thrDUQh the holes prior to placing 1t

o

into the heater. The steel container was purged with nitrogen gas: to

C minimize dxidatinn of the copper cylinder and then brought to a tem—

‘ perature of abaut 700 cC. Hopefully mhen the solder melted it wduld
Fldh ddmn the wires and join the cnnstantan wire to the copper. The

. bloek was machined in a lathe to remove excess silver snlder after the .
vsoldering ‘was conpleted,

| This method required that the silver solder should flow down o
the wire tu fill the gap and form a jdint between constantan wires. and.
the copper. Hdwever this method pruduced pourly sdlder jcints, in Fact
sometimes the_wires could be detached F;om the surfece by simpiy-pulling

(A

_gently .on the wire, This euggested that the joint between the tud

-
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metals was very weak and irregulsr. Mﬁreover,‘microscopic examination
of the joint showed cracksd in it. Tuelve heat flux meters were con-
structed by this method and tested; all of them gave spurious results
o failed completely which indicated that the solder joint was poor.

Other typea'nf silver solder did not alleviate the problem.
This experience led to a new method.of making the cnﬁ;le. In,
this case, a copperiwire, 0.0787 cm in diameter was fused together with
a-.0256 cm canstgntah wire to form a copper-constantan junction using
an arc. The latger copper wire was then ailyer saldered into a hole
_ only aliéhtly larger than the wire. The thermacouple junction was
pulled up tight ’a;}ainst the under surface of the disk before soldering.
" This scheme should provide & good Junctién and the canduction fraom the
coﬁber insert to the junction should be suffibiént to ensure that the
Junction will Be very near the teqperature.of the copper insert. " How-
- eQer, this method did not yield thE'éxpected ¥eau1ta,becausé here again

it was 1mpdéaible to get a good contact between the copper wire and the

copper block using this soldering method.

COPPER WIRE

NCOPPER ~ CONSTANTAN WIRE

" CYLINDER

" FIGURE €.1"~ HEAT FLUX METER WITH A COPPER WIRE
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v

Induction Furnace

‘A?ter considerable experimentation with this soldering tech-
nigue, it was decided to abandon it and attempt a different method of
heating the block. Moreover; the soldering literature Buggesteé that
small amougzé of oxidation products at the joint could have detrimental
effects on its strength. This led to attempting the soldering in an
induction furnece purged with first nitrogen, then hydrogen. 1In this
case, the block was placed on trensite supports in an 20 cm diameter by
25 cm long glass tube and with the ends 3galed with aluminum flanges.
Nitrogen was_admitted continuduaiy to this container. Solder flux
éloné with a ring of silver sdlder wire Qére put arocund the wires. A
water~cooled copper tgbemindUSfi?n coil was placéed around the glass
tube to include the copper block. The block was heated until the solder
was well heited and then allowed to cool in the nitrogen atmosphere.
The block was subsequently maéhined to remove the excess sdlder.

There a£e many tﬁinga which were made in an attempt to obtaln
a good joint: _
¢D) _A Silver soldering in a hydrogen atmosphere.

(11) To feed silver selder through a hole in the pyreg glass when

the block was at required temperature. However big éparks were qroéﬁced
by this procedure. These sparks could have been eliminated by turning
the induction furnace off. However the bleck would have cooled very
fast and 1f is‘unknown whether the au;Face temperature would have been
high enaugh,

(i11) Soldering in & hydrogen atmosphere but using gold solder
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(82.5% Au, 17.5% Ni)‘which is recommended for corrosive, high-tempera-
ture service._ The melting temperature of this solder is 9SD°C.

Four good experimental ryns were obtained with one block using
technique (1); however, at’the fifth run the heat flux meter gave spu-~

rious results which suggested that the joint was poor.

Copper Plug Insert

-

The problem with all previous attempts was that a very poor
solder joint was made between the wires and the copper. In conven-
tional soldering where a torch is used, the silver solder can be fed
easily and a certain pressure on the solder makes the solder flow down
the hole and fill it completely. Moreover, the jet of the torch helps
fhe solder to Fiow‘down the thermocouple wires. . Therefore, a cylin~-
drical copper plug was made in which a heat flux meter was constructed.
The smail dimensions of the plug allowed the constantan wires to be
silver soldered easily with an acetylene terch. A hole, which was
.bUZ cm to .005 cm smaller than the plug, was dridled in the cylin&er.
This plug was then press~fitted into the copper cylinder via an Instron
testing machine; pressures in excess of 40 MPa were necessary. This
néfhod, in contrast with others, gave consistent and reliable results
in boiling heat transfer. it

» Two different plugs were used; one was 2lin. ih.diameter
by 1 in. deep and the second ane wés 0.5 in. in diameter by 1 in, deeﬁ.
The cylinder with the smaller plug cooled in approximately the same
time as the cylinders where the heat fiux meter was an iétegral part of

the blotk; the larger plug indicated a faster cooling. This was
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probably because the surface area over which the plug was cooled by
boiling was about the same as the copper-copper area through which
heat méa transferred by conduction. Some thermal contact resistance
obviously still existed at this interface. By making this area large
relative to the cooled area, the relative importance of this inter-
faciml resistance can be minimized. Hence all heat flux meters were
constructed using the gmaller plug.

This technique, hw other difficulties such as
different calibration factors from copper cylinder to copper cylindef;
in addition, there was a different response depending upon which centre-
tu—edgé thermocouple was uéed. In an attempt to explain the difference
in calibration factors for different meters installed in different cy-
linders, an snalysis of the heat transfer behaviour 6? the meter under
a variefy.of conditions wés performed. These will be briefly\gi§cussed
in turn.

The calibration factor will obviously be differént from unity '
if the dimensions of the meter are different from those specified. Thé
" radiue of the disk can be made very accurate according to the drill
used in making the hole'so that litéle error is expected here. The
thickness of the disk,.on the other.hana, is less accurate. It is
made by drilling the hole for the plug to a prespecified depth. The
plug and the disk are fabricated separately with the disk ph&ckness
de;ermined by the ,expected depth that'the plug_uill be inserted into
the hole in the cylinder,‘ After insertioﬁ.the extra material is machined
Frum'ihe outer surface of the plug #nd the disk th;cknesa is determined

by this operation. If the plug is/not pressfitted into the hole to the
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- expected depth, the thickness of the disk will be more or less than

expected. This procedure cean not only give rise to s different disk
thickness, but also can result in another problem. Since a consider-
able force is required to force fit the plug into .the cylinder, it is
possible that one side of the plug may exert a greater frictional force
than another thus leading to distortion of the plug (that is the plug
axis would not be exactly coincident with the radius of the cylinder).
The machining operation would then give a disk which did not have
parallel faces. Calculations indicate that with a 3° misalignment,
the copper disk could vary Fro§50.51 mm on ane side to 0.25 mm on the
other. ‘ |

The effect of this variation in thickness on the temperature

field in the disk was evaluated by analysing that in an infinitely

long strip of uniform and non-uniform thickness cut into a copper

block of infinite dimensions. This simpler system was chosen since
the circular geuTjFry with an asymmetric témperature field would be

much more difficult to analyse, °

This analysis is reported in Appendix G.” In summary, this-

anaslysis does explain the lower calibration factors, since the centre-

to-edge temperature difference was considerably greater than that for

a uniform disk of the same average thickness, regardless of which Bidé

A
temperature was measured. It follows that the calibration factor would

depend on which side maé used. This observatibn is consistent with the -

experience with the heat flux meters used in this study, that is,dif-
ferences in calibration factors were ohserved depending upon which of

the two edge thermocouples were used to indicate the heat flux. Both,

b

£y Fur tms
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however as shown by experiments performed on Block 5 and Block 23
gave roughly the same overall calibrated results,

'Fabrication problems can give rise to other effects which have
been observed for Block 4. The acéual cross=section of the disk w;s
ocbserved by cutting the cylinder and then slowly machining the cylinder
to expose the disk along its diameter. Photographs of this are shown
.in Figure E.3. The thickness of the disk was measured and found to be
of a uniform thickness of 0.76 mm, which is 50% thicker than expected. ,
This greater thickness resulted because the plug was inserted to a
greater dépth than desired as indicated by the depression in the bottom
face of the hole into which the plug was inserted (Figure E.2). Tqis
effect would have made the disk thickness about 50% greater than ex-
pected and would have resulted in 8 calibration factor of 1.5. The cali-
bration factar, however, was found to be one-third of this value. Fig-
ure £.3 suggestis the reason for thisl It shows that the edge thermo-
couple was not silver so%dered at the edge of the disk, but at some
point on the wall of the holé about 2 mm below the surface. This was
caused by the silver solder‘running down the wire during the soldering '’
operation. Since a conduction analysis indicates a cunsiqeraSly higher
temperature at this point, the centre-to-edge temperature diffefence
which would be measured would be considerably higher than expected.
This would give rise to a low calibration factor. Block 1L was in fact
the worst cage encountered as it gave extremely low overall CHF and did
not show the typical CHF pattern around the cylinder. Although, the

seriously abnormal daesign, the overall CH was within 30% of the overall

/‘\}
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FIGURE E.3 - PHOTOGRAPH SHOWING THE LOCATION OF THE EDGE THERMOCOUPLE

FIGURE £.2 - PHOTOGRAPH SHOWING THE BOTTOM SECTION OF THE PLUG INSERT
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CHF normaiiy obtained. This shows that the unsteady-state calibration

procedure has s dampinrg effect of the error introduced in the design.
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APPENDIX F

DATA RCQUISITION AND ANALYSIS OF RAW DATA

This appendix describes the method used to acquire the data and

the technigue used to analyse them.

1= Data Acquisitiaon

.

As described earlier, the instrumented copper cylinder was
heatéd to a temperature varying between 200°C and 300°% and then plunged
into 8 pool of stagnant water at the desired level of subcooling. Our-
ing the cqoling period,cboth the surface temperature and the tempera-
ture difference signalse were continyously fed to thermocouple trans-
mitters where millivolts were converted to milliamperes. These thérmo-
couple transmitters were equipped with two 20-twin metal gilm infinite
resclution potentiometers to provide wide-~range span and zero adjustment.
The transmitters were calibrated in the range of O to 2 mV for the tem-
perature difference and from 3 to 15 mV for temperature measurements.
There were 6 transmitters (Acromag, 315-WM-50): One of which was used
for surface ténperature measurement; the other F;ve were used for tem-.
peratﬁré difference measurements. The output of these transmitters
was in milliamperes and range from 10 mA to 50 mA. In addition to the
8ix Acromag transmitters, there were sixteen home-made transmitters

which were calibrated in the same way as the others and simply amplified

the millivolt signals to a range varying between 2 and 10 Volts. The

225
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tgansmittera were calibrated daily. Since the Acromag transmitters
were more stable and sccurate, they were used to transmit any small
temperature difference signals where their accuracy was most important.
The output signal of the transmitters was sent to the Nova
minicomputer interface panel via a shielded cable (Belden Corporation,
NO. 8775). The milliampere signal flowed through a 200 ohm resistor;
the potential difference (2-10V) was fed to the appropriste A/D channel.
The voltage signal from the other type of transmitters was fed directly
to its appropriate A/D channel. There were 16 A/D 10fbit converters
in the Nova computer used and accepted Qoltages varying between 2 and
10 volts. The minicomputer maé programmed to read at discrete time
intervals at a rate of 100 readings/second. These values were averaged
pver a short time span, the interval (0.05 sec. to 2 sec.) depending
upon the level of subcooling and tt{e' amount of the surface participat-
ing in the boiling process. The main minicamputef‘programe written in
Assembly language are listed in Appendix Y. This Appendix also de-
scribes how to use the program. The main feature of this program was
its ability to be ata:ted}at the remote location of the experiment and
ta have tﬁé ave;aging rate changed during the éxperiment to accomodate
rapid and slow cooling via a set of 3 contact senses. For instance,
during aatdration boiling, the temperatures were averaged bve; a period
of 1 8 (100 values) 1nhthe region of low heat fluxes and over 0.1 s
(10 valugs)‘qpfn the heat flux was within about 30% of the critical
heat flux.A.Fuf experiments. performed under subcooled conditions, aver-

. ages were taken even:mnre fPrequently (0.05 s).

>
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A minicomputer offers many advantages over a sérip chart re-
corder, which was used initially in this project. UWith a chart record-
er, the data reduction was time consuming and extremely limited. More-
over, its use introduced an element of subjectivity which should be
eliminated. A minicomputer provided direct reading of the variables
and then allowed direct analysis'oF the raw data; a chart recorder
required considerable labour to transfer chart units into millivolts
and then additional calculations to obtain temperatures and heat fluxes
from these data. Moreover, there was always tke problem of determining
zero-time for the recorders when two single pen recorders were used to
record the twg signals from each heat flux meter. This problem would
have become more severe when dealing with & bundle of cylinders.

Both kinds of transﬁitters had linear amplification. The time
response of the Acromag transmitters depended on the range of calibra~
tion. For a_caliﬁration range of 3-15 ;U and 0-1 mV, the output of the
transmitters to a step ehange is presented on Figure F.2 and F.3. The
transmitters indicated 90% of the step change in 56 msec and 180 msec
fof the ranges mentloned above. The home-made transmitters cover 99%

of a step change in less than 100 msec.

2~ Analysis

The experimental data of each‘experiment were stored on a disk
‘file. When sufficient data have been collected, the disk file was
transferred onto a paper tape. The data stored 9n paper tape were
transferred to computer cards using the McMaster University CDC 6400

1ibrary subroutine "COPYPT". A Fortran progrem was written to accept
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tﬁe original temperature-time and temperature di??erence-time data as
input and computed the local temperatures end heat fluxes at the .sur-
face. This Fortran program is listed in Appendix Z. In this progrem,
the data were read and discriminated in such a way as indicated below,
to eliminate an excessive number of points on the bolling cufve an;:l
still prqvide sufficient data to defing the boiling cdrve, If a temper-
dture differsnce deviated from the previoud oné by more then 0,070 my
or If the surface temperature reading deviated froﬁ the previous one
by mare than 0.015 mV then this data point was recorded as snother point'
‘on the bdi;ing curve. The heat flux was calculated and the boiling
curve was plotted using the Benson-Lehner plotting system. |

' with‘a simultaneous resding of the surface temperature and the
temperature‘betueen the edge and the centre of the disg, it was pos-
‘sible to calqulaté the heat flux at the auréaqe for a given wall super-
heat. It is relatiyely easy to derive an equation relating the heat
flux at éhe surface as a Punction offthe temperature difference an the
disk surface (Equation 2.15). Dern -(Di) egpﬂ?éaed the edge-to-centre
temperature difference ss a millivoltage output (AE) for copper- e

constantan “thermocouples:

o) "4 keta | AE .
/A) = :
s R C

4

The variable C is function only of the thermal characteriatics
and the temperature of the surface and is given by the following
. P . R

equation:
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27 AT
¢ - B2y W - (F-2)

(B+ a ATw)

In this equation, ATw(=To~Trer) and Tp was taken as the average of

the edge and centre temperatures; Tgrer = O°C.

P AT LA Bl U TR £ Su A
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APPENDIX G \ )
STEADY~STATE TEMPERATURE DISTRIBUTIUN IN A TILTED HEAT s}ux METER

The response aof tha heat flux meter used in thia,étudy presented

~ an unexpected behavigur 1n that two different boiling/purves could be
ggneratéd depending upon which of the two thermocouples located at the
edge of the heat flux meter was used to record the temperature differ-
ehce_aciosa the disk. If the meter had been constructed pfoperly, the
boiliﬁg curvee should have been the same. Many possible causes for this
behaviour have been inveatigntéd such as contact resiatance\bé ween thé
thermocouple end the copper surface, formation with ;ilver 5619 r of a
new.couple, different calibration of the thermocouples, etc;'lHowever
nohe of these could reaily explain the abnormal behaviour. = There are
now'two known main effects of this discrepancy: flré;, an inclinqtién'
of only few degreés of the bresa—fitted copper Tiug could pruducé an
appreciasble thickness variation across the disk @nd, secondly, the
thermocouple may not be e4lver soldered at the edge of the disk, but -
at some point on the wali‘af the hole as shown in Appendix E. This
appendix presents the analysis of the first of theae effects. Only @
3° angle—inclination inducea a variatian o? 25 mm in thickneaa across
a nominally .5 mm thick heat flux ‘meter. It was expacted that the

) adiabatic and isotherm lines 1n the tilted heat flux meter and 1ts '
vicinity could provide aome informatioq\concerning th? unexpectedly

low calibration factors observed.’

231 - Ty
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To verifyvthe con?ributinn of a tilt to the calibraetion factor
of the heat flux meter, a computer program was written to compute the
temperature distribution in the heat flux meter eand its vicinity. 1In
the.program, the Laplace equation of a recteangular system was solved
~ numerically inatead of ciicular syatem'to keep the system two-dimen-
sional and ressonably tractable. A.circular system with thev;aymmetry :
involved would require the salution of a three-dimensional system of
equations whicﬁ would have‘gjig beyond the capacity of the computer.

A two-dimensional fectangulag ayatém should provide the desired infor-
mation. This appendix describes the method used to solve the prablem g
and presents the results obtained fﬁr‘a uniform and tilted heat flux

meter.

Ge1 Method of Solutionr™

The tfyparature distribution in the rectangular'heaﬁ flux meter
can be described by the Laplace equation as there is no internal éogrce

. of energy.

+ -0 o (G+1)
¥

This is an elliptic equation so that the boundaries of thd ;egion of

A

solution must be defined everywhere and the system of equations must

be solved simuitaneously. To satisfy the required boundary conditions
the following assumptions are made:

¢9) " At the boiling surface, it is assumed that a Qniform heat. flux

1w

_3 .
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(111) Similarly, it is assumed that at a certain depth below the

G2 Results
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)
of 110 W/cm® (350,000 Btu/hr £t2) prevatls.
(11) At a certain distance away from the heat flux meter, it is
assumed that conduction in the x-direction is n"egligible, and only
an outward (y~direction) temperature gradient prevails. This boundéry
condition is set by specifying a.temperature at the surface and thea
calculﬁting the temperature of the inside mesh points upiné Fourier's

law of conduction along that line with the specified heat ‘flux density.

surface the recess in the metal does not 1nf1%gnce the temperature
distribution soc that a constant temperature line prevails.
(iv) Finally, it is assumed that there is a zero heat fiow at the

internal boundary of the heat Flux.mete;, that is, the gradient normal

to the surface is zero. o w

Figure G.1 describes the equations used for the different mesh
points in the given system. These equations form a metrix of coeffi-
cients which must be inverted, using Gauss elimination, in order to

ocbtain the temperature at each mesh péint.a

G.2.1 The Temperature Distribution

The température, distribution in the heat Flux meter and its
vicinity has bean established for faur diPferdnt cases. A total of
more than 400 meah:po;nta have been used which éherefo:e 1Bvalves 80lv=-
ing a'ayqxem of more than 40D equations. However this hqde matrix has

furtunatgly na more than five entries per row and a sparse matrix adlver

°
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TABLE G.A

SUMMARY OF THE RESULTS OBTAINED
WITH A NUMERICAL METHOD FOR A UNIFORM
~ AND A TILTED HEAT FLUX METER

CASE NUMBER
1 2 3 4

Temperature Difference
(Predicted) s : ' :

At o\ CF) 682, 30 50 40

At left (OF) 62 © 30 &0 50
" Temperature Difference
(Analytical) . ) . . .

At right (9F) 60 | 30 40 L0

At left (OF) 60 | 30 . 50 50

Calculated Heat Flux

At right (W/cm2) 113 - 113 183 146,
At left (W/cmd) - 113 110 219 182
Applied Heat, Flux > 11 110 110 110
Celibration Factor )
. At right .97 - 1.0 .60 .75
At left . .97 1.0 .50 .60
Tilt (Degree) . 0 0 3 3

L a2, et s Rahealy il we F o n
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f"uas used. It took about 400 seconds (CPU time on a CDC 6400 computer)

to solve the complete system.

Two cases were run with a uniforﬁ thickness in order to havé a
compar£son with the one~dimensional method of solution. One case was
run with a .254 mm thigk disk and the other with a .51 }m thick disk.
The temperature distribution for each case are presented on Figures G.%@
and G.3 respectively. Two other cases were run with a tilted disk for
two different sizes of the mﬁsh. These are presented on Figures G.4

and G.5. Table G.1 summarizes the main values obtained with this study

and compares it with an analytical solution.

G.2.2 Analyticai Solution
.

The equation for s uniform and ngn-uniform hé?t‘flux meter in

Cartesian geoﬁetry will be derived in turn.

1) Uniform Heat Flux Mgter

' ~
It is relatively easy by performing a heat balance on the hest

e

flux meter to derive the following equation:

8 k ta AT

(q/A) = (G-2)

,LZ

for the following geometry-
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AX=-0238 cm
AY = 0T cm

{Q/A) 1104 W/cm?

FIGURE G.2 - TEMPERATURE DISTRIBUTION OF A UNIFDRM HEAT FLUX METER

FIGURE G.3 - TEMPERATURE ADISTRIBUTIU\I OF A UNIFDRM HEAT FLUX METER
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tqm
EEEUE.
AX+ 0254 cm

AY-Ol2T cm
(q/A)*110:4 W/cm

-

~ BX=-0238 cm
'AY » 00638 ¢cm
/A= 110-4 W/em® .

Q

Y
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By using the seme values as was used in the finite difference method:
(a/A) = 110 W/en? (350,000 Btu/hr £12)
2 k = 3.668 W/cn’C (212 Btu/hr £t°F)
tg = 0.5 wm (.020 in.)
L = 0.476 cm (.1875 in.) :

A temperature difference of 309% (16.6°C) was abtained.

11 Tilted Heat Flux Meter *

lLet

oy | | | T(q/A)
a ' 4
L T l L
a 1 < ‘
2= a-bx
v
- L »
=
) X
-~
' By perfurming a heat balance on tbe.hi?t flux meter, 1t is
relatively easy to derive: T
= . ‘r
dT X Ci, N .
7 k— =(q/A) e (G-3)
o ax a—-bx a-bx :

g X -a ) CI o
KT =(q/A)[—-E-+;-b-2- In(o—bx‘)}--?)—ln(o-bx)-!-Cz (G-4)

'-%-em@é:;fﬂw;:-z:»vwsw‘ﬁ‘ 2rac o
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Assumes the following boundary conditions:

\ﬁ > 240

At x=0, T=Ta
At X=L3 T=Tb
. O . ¢
= kb {Ta=T) In(= )—(q/A)[Lln( +2)] 69
a~bL. b
/ C'I ' 0 . ‘
L Cer =@+ kTt @] . ©9

Instead of trying

to form a general equation, it is better to calculate

C; and.C, for a specific case and aubetitute in Equatien

for T.

Example:

F o=l

(q/R) =

Tg =

G.4 th solve
&
‘t

Solve for x = L/2 with. - LT e \\
.51 mm (.020 in.) .
«254 mm (.010 in.).

483 cm'(.190 in.)

3.668 W/om°C (212 Btu/hr FtOF)

110 W/cm?, (350,000 Btu/hr ££2)

95.3“6 (2009) - . | &

‘b = 87.89C (190%) (le. assume the same end temperature

-

A"
4“"1
L

>,

N

found in numerical method).

The temperature at the centre of the disk was found to be 150%, This

value is exaetly'the one predictad’by the finite-difference method.

¥
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G.3 Discussion . . '

>

For cases number 2 and 4, more mesh bnints were used to solve
the s&stem and therefore it is more accurate. ' With this particular™—
mesh gize, the numerical method prgdictsyexactly the temperature dif-
ference calculated with the analytical solution. This implies that for
- a uniform tHickness meter thelone-dimensionql heat balance represented
by équation G.2 igivalid for this system. Moreover, as‘will be shouwn
in Appendix I, it is valid for the circular heat flux meter as well.

It w&ﬁld be tempting ta believe that, due to the one to one’

cogrespondence between the analytical 'solution and the nﬁmerical solu=-

Y4

tion, it is not necessary to solve the system numerically. It is in
- fact true for a uniform thickness heat flux meter and thié study was
ysed to prove it.j Tt was'thopght initially that the isotherm at theL'
edge of the heat FIu# méter coﬁld affecﬁﬂthg tempera#urergifferencg
on-the disk. Thig énalysis shows tﬁat this is not true faor a unifobm
heat Flux.mefg§; On .the other hand, it 1é,impoé?ible theoretically

to prédic?/the twﬁ edge temperatures for g tilted heat flux meterzsé
éhat the two ceptré-tofedge teﬁperaturg differences could be'predicted.
Because of the asymmet;ic geometry, the therﬁai.centre is shifted
toward fhE'edge with ;he smaller thickness.:'Fur a t1lt of only 3° on
é ndhinal‘.51 mm thickness, there is an sppreciable difference from“
the fdes] behaviour. And a small p;%£ can very well play a large role
" in accounting for the unegPecﬁédly_lém calibration factor observed in

this project.

3
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. APPENDIX H
UNSTEADY=-STATE CALIBRATION PROCEDURE

8ecause of the various defects that could be introduced in the
construction of a.heet flux meter; as discussed in Chapter &4, 1£ was
not eurprising to find that heat flux meters enowed a behaviour éiffe-
rent from that expected. BecauBe of these defects, }t is imperative
to calibrate each heat flux meter individually.

A calgbration'Facter (CF) of a heat flux meter was obtained by-
comeering the total enthalpy loss from the cylinder, over the duration
of the experiment,iéitn that obtained by integrating the measured
(apparent) local heat flux density over the total heat trensfer area

" and over the gquenching time, viz,:

Q= pCpV{(Ti=Tt)= f/: (CF)(q/A)app, df\ dt (H-1)
3 .

wd

The apparent heat flux density was caleulated by equation 4.1, assuming

a uniform average heat flux denaity gver the disk surface. It was
aeaumed also that the celibratian factor was constant (independent of
heat flux) and unigque For 8 particular heat flux meter. TnereFore,
Equetion H.1 may be rearranged to give the defining equatLLn for the

calibration factor: . s S

. pCoV (Ti-Tt) . QL ‘
P — —— e (H2)
[[ amimp, daat  [[(a/Alapp, dA at
A° - A . ‘ .

2.

Iy
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Procedure for Evalustion

The general’procedure‘ﬁor célibration required at least one
quenching.experiment (preferably repliéated) with fhe hest flux meter
positioneq at each angle (0, 30, 60, S0, 120, 150, 180). It was thus
assumed that the measured heat flux density.at each of these angles
was symmetric gnd uniform over the’ length of the cylindef. Because
medsurements of heat flux versus time were anly made at these seven
different angles it was necessary to discretize the .aree integral and
assumé that the measured heat Flux pertained over an angle of % 15°
fram the point in question. The integral ovar'éime was easily evalu-
ated by integrating the heat flux denaity yérsus time for each quench~
1ng'experiment by the Trapazoidgl Bule..

': The evaluatlon of the sensible heat content of the cylinder
pased anothér'problem. Equatipn H.2 implicitly assumes tha;,the cylin-
der had a uniform initiel température of T{ and a uniform final tempeT-;
rature, TF; This aasqution is reasoﬁablé bepause the cylinder was

" preheated relatively sluuly and at the end of the qﬁench (essentially

. the aaﬁe temperature for each expe*iment) the’heaé flux at the surface
was VerQ small, Unfontunately, however, it was iﬁpractical to try to-
quench the copper cylinder from the same initial temperature Each time,
hence some madification of Equation H.2 was required to allow for the )
different sensibl heaq gontents of the cylinder for each of these
experinEnta. Nofe that; with the aame'f‘inal temperature for each expe-
riment, the total quanch time, that is the integration 1imit on the

integral was different for sach experiment but relasted to the total
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sensible heat content. Equation H.2 was . therefore rearranged to

CF = : (H'3)

t3o '
f O(q/A-)o: dt f (q/A)sodt f 'e?q/A)mdf
Ao 2 + Ao+ + Ao
. Qo ' Q30 ) Qieo

Hence each experiment provides a f (q/A)df /Q value, calied here the
calibragtion ratio. For replicated runs at a point, these an be aver-
aged. Giveﬁ the eymmqtby'qaauﬁption, and the measuring points used,
the areas at each point become'some apprupriqte fraction of the fotal
‘area and the final expressfon for CF.becomes:

CF - P

‘ T — -
I ]; (@Adt | /;w(q/A)ao dt l j; “Aq/B)eo dt
Ari— +— 4o O }
12 Qo 6 Qzo 12 Qiso

Hence each of the calibration ratios was weighted according to the
area over uhich it pertained. | |
Inverse values of the cgliﬁratiun ratio are tabulated in Ap-
pendix C. These inverse calibration ratics have the dimensions of
area. This calibration prpceduré, although producing diffgfent cali-
‘bration factors for different metérs, did provide'excellent reproduci-
bil}ty'of the boiling hemt flux densities from one test cylinder to

another (within 10% in most cases). .

(H-4)



" bration factor were small, it was decided to use the one obtained under
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H.2 Some Analysis Related to the Calibration Factor

H.2.1 Table of Calibration Factors -

Table H.1 presents the different calibration factars obtained .

for various heat flux meters used throughout this study. Since a large..

number of quenching eiperimenta\were pérforméﬁ under saturation and
subcooled conditions, it was possible to calculatg the calibrgtiun
factor for a given heat flux meter hy the afﬁrementiuned procedure

from thase experiments. ﬁdfurtﬁpately, the calibration factor for any
given meter was slightly different (mostly greater by about 20% under
large subcoolings) as the levei of.aubcqnling increaagq. So@elcvlin-
ders showed a difégrence of only a few percent while others éhowed a
mare substantisl difference. This suggests that perhaps the calibration

factor depended on the leval of heat flux and also on anmething that

was unique to the meter. A small contact resistance bhetween the main

cylinder and the copper plug insert could explain this phenomena. I
the copper plug cooled somewhat faster than the rest of the cylinder,
then the integration over time would not pertain exactly to the cylin- '
der whose Beﬁaible heat was assumed to be transferred. G5ince this

integral would be smaller far lapger heat fluxes, fhe calibration factor

_'ahnuld be larger as the levels of heat are increased, Such en effect

was observed. Furthermore, It was that those cylinders which required
the largest force.to pgeae-?it the insert (and therefore were exﬁected
to have the least thermal reaigtance) had the smallest change in the

calibration factor with subcoaling. Since thesas differences in cali;

. .
[ " N
P Ve
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" TRABLE H.1

CALIBRATION FACTORS

ALOCK GODE® | DEGREE OF _ °  CALIBRATION
NUMBER NUMBER "__W_SUBCUMNG FACTOR
. -
2 - 0’ D .528
2 0 5 461
2 .0 10 - 451
2 0 .20 449
5 0 0 .705
5+ 0 o 942
5 0 5 .691
5 0 10 .735
5. g 20 .B00
7 3 i) 906
8 -3 0 746
"B 6 0 1,254
- 8 0 ) . 846
8 o .20 1,193
9 0. 0. 1.008
M 0 ‘0 ©.279
12 0 0 - 483,
13 o 0 946,
1 0 0 . .508
15 3 0 - .63
15 .6 0 .70
15 0 o - .762
15 D 20 .873
17 0 0 .64k
20 - 0 0 1,353,
22 0 a 873"
22 0 30 1.017
23 o a .706
23+ 6 0 532

» Code Numbers are defined in Appendix C
+ Side 'Number 2 of the heat’ flux meter
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saturation conditions wherelthe effect of thermal contact resistance
‘would be smallest.

A more diatur?ing behaviour was observed for Cylinders 8 and.15,
for which different calibration factors were obtained for different
lengths of these cylinders. An explanation of this behaviour was at-
tempted in Chapter 5. It was decided in‘that case to use an average

-

calibration factor at gaturatinﬁ.

He2.2 Sensitivity of the Calibration Factor

The tempergture difference on the disk is passed through an
amplifier/trapqmitter sand recorded by the minicomputer. It is 1mprac-'
tical to perfectly calitirate this transmitter and hence the computer
may record 8 value which is 8lightly diffekent from the actual one.

It is possible to account for this error in calibration by obtaining
a correction at the time of daing any given experiment. It can be.
aaaumed that the heat flux mas 80 Bmall at the ‘beginning when the cy-
linQer was located in air prior to be;ng quenchgd and similarly when it
was in water at the end of the experiment that the temperature differ-
ence on the disk was essentially zero. Usually the recorded values
bath at the beginning end the end were the same; hence all e.m.f, val-
ues aver the entire quenching time wére corrected for this offaet.
Note that this offset also accaunted for anall voltages that were in-
duced by faulty connectinns ar other effects..

It uas deaired ta determine the senaitivity of the calibratiun

factor on this offsgt. To do this, the experimental data of Cylindera
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TABLE H.2

INFLUENCE OF THE TEMPERATURE DIFFERENCE
OFFSET ON THE CALIBRATION FACTOR

BLOCK 15 .. BLmCK 23

-,02 MV Normel +.02 mv .02 mV Normal +.02 myu

Calibration Factor  .613 28  .882  .570  .717 865

% Increase . 9.5 0 8 +15.7 <205 D +20.6
Overall CHF (W/cm?) . : L

Uncelibrated  171.9  166.4 160.9  200.2  194.7 189.4

9§ Increase _+3._3 0 _ C 3.3 4'-2.8, D ' ~2.7

" Caliprated 105.4 2.8 we M4t 1396 163.8

% Increase -16:9 0 +11.8  -18.3 0. 417.3
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15 and 23 were calibrated three times using the normel uffsei{ the
normal nffset minus 0.02 mV and the normel offaet plus 0.02 mv respec-
tively. The findinga are aummarized in Teble H.Z Note that a correc-
tion of 0.02 mV to the nommel e.m.f. recorded at the critical heat
flux, results in less than 5% change in the CHF. On the other hand,
since this purrectiéﬁ was integrated over the entire quench thme, the
calibration factor is éhanéed Bigni%icantly (ca. 20%). Therefore the
cglfbration factor ialverv‘eeneitivé to the oéfset. it shﬁula be added
that 0.02 my is much more then the expected error. on the other hand,
the uncalibrated critical heat flux is not very sensitive to the. temper-
' ature difference offeet. This low senditivity 18 extremely impartant
here since the comparison of critical heat fiuxes at different angles,

" under differént subcooled canditions, in an array, etc. is important.

H.2.3  Variance of the Calibration Factar -

At one point during this experiment it .was desired to knum how
'many experiments were neceaaary to eatablish an a;propriate calibration
factar for a particular heat flux meter. A gtatigticalzgpalysis was
, undertaken in which a calibration factor was determined by considering
only a discrete numper of ;aliﬁratian fétias at each angle, (either 1
or 2 values for éacﬁ angle). Because there were usually two or more
experiments performed at each angle, it was posaible to generate a
number of calibratiun factura by using all puasible permutatiana in the
calculation. with all the calibration factors 8o obtained it was pos-
'aible to take an’ average value and calculate the variance. This ana-

lysis indicatea the accuracy nf thia calibratian factor if anly 1 ar. 2

bl

4
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experiments are performed at each angle.

This analysis was perfaormed on some ;opper cylinders and the
results are presented on Table H.3. Even if only one quenching experi-
ment was done at each angle, the calibration factor can be determined
with fairly good accuracy (stenderd deviation about 4%). If two ex-
periments were perfarmed at each angle, the standard deviation is
decreased to about 1%, Table H.3 also contains the standard deviation
for the overall critical heat flux. The standard deviation of the over-
all CH is also significantly reduced when at least two experiments
were performed at each angular location (less than 3% for one experi-

ment to about 1% when two experiments were performed).
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APPENDIX I
THEDRETICAL ANALYSIS OF A HEAT FLUX METER

ARs mentioned in Chapter 4 and described in Appendix J, the cali-
bration factar of a particulér heat flux meter obtained with a steady-
state experiment is much too high and is a function of the heat flux
denaity prevajiling at the boiling surface. Two reasons are given for
the unusually high calibration factors obtained: First, there is an
inherent temperature depressicn on the surface in the vicinity of the
heat flux meter and, secondly, there is a thermal contact resistance
between the copper plug insert end the copper cylinder. The theoreti-
cal analysis which is reported in this appendix was initiated to de-
termine the effect on the calibratiOn factor of the temperature depres-
s8ion in the vicinity of the meter under steady~state boilling conditions.
This analysis determines the relative contribution of this local effect
on the calibration factor. In essence, the problem is defined as find-
ing the response of the heat flux meter when it is submitted to nucleate
boiling, according to & given boiling curve, when a point far away from
the heat flux meter is subjected to the critical heat flux. This ana-
lysis was then extended to cover other parts of the boiling curves in
order to see how well a heat flux meter would follow or predict (from
the measured AT) the known spplied boiling curve. In addition, this
analysis would demonstrate whether the cslibration factor was a strong

function of heat flux.
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This appendix is concerned with describing the numerical tech-
nique used to solve the problem, presenting and discussing the results
and finally presenting some conclusions concerning the calibration

factor and the overall operation of the heat flux meter.

I.1 Method of Solution

The Egmperature field in a heat flux meter and its vicinity
must be found in order to determine the boiling heat flux over the sur-
face of the meter and that over the surface surrounding the meter. Un-
fortunately, this temperature field is a function of the heat flux
denslty; thus an iterative calculation procedure results.

To obtain the temperature field, the Laplace Equation in cy-

lindrical coordinates must be solved, viz.:

92T | oT &°T
_— = Q (1)
0r2 r or 9z°

In solving this problem, the following assumptions are made:
1) It is assumed that the heat flux meter is flat, that is the
curvature of the cylinder is negligible.
(11) It 1s essumed.that the heat transfer coefficient at any point
on the nonisothermal heating surFa;; is the same as would be obtained
if the surface surrounding the point was at the same temperature. In
other words, if the temparature at a point on the surface is known,

the heat transfer coefficient at that point can be obtained from the

boiling curve which had been previcusly determined for an isothermal
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surface. / ~

(iii) f¥\ia,aIZ; agsumed that the heat flux meter response time is
small enough that a pseudo—eteady-etate may be assumed to prevaill
wifhin the meter end far the boiling process.

Because Equation I,1 is g two-dimensional elliptic equation,
it must be solved in s clésed range of integration. It is therefore
necessary to apecify allfboundary conditions for the system which are:

'

) At the boiling ﬁurface, the boundary condition is the heat flux
density which is deterﬁined by the local (point) temperatyre prevailing
at the surface, The &elationship between the heat flux density and the
surface tenperature;;a provided through a given boiling curve (gt z=Q,
(q/A)= {(Twan)).
(11) At a certain distance swey from the edge of the heat flux meter,
the temperature is not affected by the presence of the meter (that is,
the conductiﬁ; in the r-direction is negligible)., This boundary caondi-
tion is sg;'by specifying a temperature at the surface and then calcu-
lating tHe temperature at the inside mesh pointé using Fourier's law
of conduction along that line (ot r=Rtar, T= Tfor+zT(q/A)far ).
The thermal conductivity k is aeeumeg to be constant.
(11i) Similarly, 1t is assumed that at & certain dépth below the
boiling surface, tha metal recess d;es not influence the temperature
diétributiun so that a constant temperature line prevails (that is,
these mesh points do not "see® or sense the heat flux meter) (otz-Zo,
T= Ttar + —k- {q/AMar).
(iv) It is assumed that there is a zero heat flow at the iwternal
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boundary of the heat flux meter, that is, the gradient normal to the
dt

surface is zero (%—I—no,m z=td and O<r< Rd’,'g;"o, at r=R¢ and z>td ).

(v) Finally, becaua;‘ the heat flux meter is symmetric, it is only

necessary to consider half of it. Therefore a symmetry condition pre-

" valls at the geometric centre of the neter(z—:= O atr=0).

.l< Rtar

I(q/A)

IR . S

—— R ———>|

Based on these boundary conditions, the finite difference equa-
tions were derived for every nodal point in the system. Figure I.1
presents the derivation of all possihle equations For‘ the system. For
the particular system used in this study, there were 5 mesh points by
10 mash points in the heat flux meter portion and 9 mesh points in the
radial direction gnd 15 in the z-direction outsgide the heat flux meter.
There were a total of 195 equations which were sclved simultaneously
using Gauss elimination method. It took epproximately 7 seconds (CPU

time on a CDOGC 6400 computer) to get a complete solution using double
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precision arithmetic. UWhen an uniform heat flux was applied on the sur-
face, only one solution was necessary. 0On the other hand, when the
meter was submitted to a boiling curve, every point on the surface had

a different heat flux and it was therefore necessery to iterate until

every temperature on the surface agreed from one iteration to the next

within a given talerance.

1.2 Results and Discussion

I1.2.1 Reliability of the Numerical Method

Whenever a numerical method 1s used to solve an equation, it
is imperative that the mesh size be fine enough to provide the true
temperature distribution in the system. One way to test the accdrBCy
of the numerical solution is to solve the system using two different
mesh sizes. This was done by comparing the results obtalned with 37
mesh points and with those using 195 mesh points. A uniform heat flux
density was spplied at the surface and the same temperature difference
on the disk was predicted for both the fine and coarse mesh systems.
It was ¥herefore decided that the finer mesh system which involved
195 equations provided sufficient accuracy under all conditions to be
tested. A typicel calculated temperature pfbfile is presented on
Figure I.2(a). ’

1.2.2 Heat Flux Density as Predicted by the Meter

It was evident from the calculations assuming a uniform heat

flux over the entire surface of the meter and cylinder that the heat
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2
(g/A)e 1103 W/em

(e) UMFORM SURFACT HEAT FLUX

B0t - log, (T~ 40)~-30-08)

2
{q/A)e 10 w/em

(b) VARIABLE SURFACE HEAT FLUX

‘MIGURE |2~ TEMPERATURE DISTRIBUTION ON A HEAT FLUX METER ANO (TS VICINITY



259

flux meter was predicting a heat flux which was smaller than the one
applied. For instance, in the case described by Figure I.2(a), the
surface temperature difference is 7.5°C which predicts a surface heat
flux of 102.4 w/cmz. This value shows a difference of 7.9 lﬂ/cm2 (7.5%)
when compared to the applied one. This 7.5% error is consistent through-
out this study and for all levels of heat flux. This is not too impor-
tant because this error is corrected when s particular heat flux meter

is calibrated.

The error mentioned here is only an apparent one because the
temperature difference is taken st the surface. However if an sverage
temperature is taken both at the.edge and the centre of the meter, the
same heat flux density as the applied one would be predicied. This
shows once more the validity of the nne-dimensiaﬁal equation to predict
the surface heat flux. Unfortunately, an sverage temperature was not

taken at each point and therefore & constant percentage error was intro-

duced in this study and should be kept in mind when results are analysed.

I.2.3 Steepness of the Boiling Curve

It is evident that the influence of the temperature depression
near the heat flux meter on the calibration factor is greater for a

steeper boiling curve. To verify this effect, thesheat flux meter was

" submitted to three diffefent boiling curves where the point far away

from the meter was set to the temperature st which the critical heat
flux occurs. The results are summarized on Table 1. Table 2 gives
the equations used in the various cases. The results of Table 1 clearly

show the influence, on the correction factor, of the inherent
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temperature depression on a8 heat flux meter. The sssumption of a
uniform heat flux density on the whole beiling surface cen lead to
errars of.more than 100% éhd it is strongly dependent on the shape of
the boiling curves. Therefore, at any moment, the heat flux near the
heat flux meter is different from that on the rest of, the copper cy-
linder. In a steady-state experiment, this difference will always be
seen and therefore would show a correction factor (point value calibra-
tion factor) greater than 1 because far away from the heat flux meter,
the "maximum temperature that can be reached is the one at which CHF
occurs., This difference is strongly dependent on the slope of the
nucleate boiling regime as shown in Table 1.2 and Figure I.3.

This effect imposes severe limitations on the use of this type
of heat flux meter in a steady-state experiment. In a transient experi-
ment, there should be no major influeéce of the temperature depression
in the immediate vicinity of the heat flux meter, since the heat flux
meter should still follow the boiling curve, that is for each surface
temperature a particular heat flux density should exist. The only
differencde will be that a particular heat flux will occur earlier in
this region than on the rest of the cylinder. The whole boiling curve
should still be covered. On the other hand, because the heat flux
density is highly nonlinear with temperature, the infiuence of the
steepness of the boillng curve on the correction factog suggests that .
it may be a function of surface heat flux. Thiz supposition led to a
full analysis of the heat flux meter as it relates to the prediction

of the boiling curve. Tq3a will be described in the sections to follow.

v .
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IMLUENCE OF STEEAESS IN BOILING QUAES

O THE STEADY-STATE CAL IBRATION FACTOR

QAL AR ICENT i (4 oA :adl ;M

0 13,8 10,7 3.500 13%.6 5).2 2.5%

) We. b 18,3 % 34,9 52,9 2.0

z 3.6 134,0 6.092 13,3 81.2 1.6%

TABLE 1.2
[}
BOILING CURVE TQUATIONS
CURE E%TXU"S CONDITIONS
0 (/h) = 10a8(36.797 100 (1) = 73.8059) For si1 T

1 {(Q/R) = 10ma(18,9)9 l.nQ"’(T) - 38,78) T € 4.8 %

(/A) = 10ma(-9.350 Log,a(T) + 22.3464) T> e %

2 (/A) « 10ua(19.0136 Log,o(T-4.3) = 38.0839) TNz %

(@/8) « 10aa(-264. 1148 & 1083.218Y - 1133.684) 12,37 C1%0.73
¥ (@A) « 10ma(=10,3354Y + 24,729) 1 %0.75 %
¥ . 10D
o
140 — T T T T T T T
RUN 15~ 11t
ANGLE = O

120} 1

g

HEAT FLUX DENSITY (W/cm®)
-] o
[ (o]

]

@  EXPERIMENTAL
«-== CURVE |
—— QURVE 2

0
100 o 140 160

SURFACE TEMPERATURE (*C)

FIGURE I.3 - BOILING CURWES Ug IN THIS STUDY
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I.2.4 Bolling Curve Prediction by the Meter

It was therefore necessary to determine the influence of the
temperature depression on the correction factor of the overall boiling
curve and to see how it affects the shape and location of the predicted
boiling curve as compared to the one spplied.

To achieve this ohjective, the boiling curve as determined for
run 15-111 was chosen as typical; it was obtained in the way described
using a calibration factor of 0.65.. This experimental curve was used
to establish a boiling curve in equation form. Becsuse, it was desired
to determine how well the heat flux meter could predict the applied
boiling curve, it was not required to have a perfect representation of
the experimental data. Curves 1 and 2 were used in this study. The #
equations of these bolling curves and its diagrammatic representation
are given on Teble I.2 and Figure 1.3 respectively. Curve 2 is & better
representa;ion of the experimental data than Curve 1. The results ab-
tained with these two cases will be discussed in turn. The surface
temperature of a point sway from the edge of the heat flux meter was
set to awvalue varyiTg between 200°C and 100°C and the temperature
distribution in the heast flux meter and its vicinity was allowed to
converge using one of the two boiling curves. The integrated average
of the applled heat flux and the heat flux density predicted from Equa-
tion 2.16 using the temperature difference on the surface of the disk
were cslculated. With this procedure it was then possible to o?tain
the complete boiling curve as would be predicted from the one-dimensional

equation for an ideal. heat flux meter and compare it with the original



263
/

boiling curve. The results obtained frq& this analysis are presented
in Tables I.4 and 1.5 and plotted in Fighres I.4 and I.5. Table I.3
defines the varisbles used. |

For the two boiling curves investi?ated, the critical heat flux
density predicted from the temperatggg q;fference on the disk was less
then the spplied one. This lﬁﬁ/g;ediction must be attributed.to the
heat flux variation associated with the tempersture varistion and the
temperatufe depression on the surface of the disk whereas an average
heat flux was assumed in the predicting equation. Moreover, although
the shape of the original bolling curve is relatively well followed,
the boiling curve predicted with the meter is shifted to higher temper-
atures by few degrees. This shift in the boiling curve is the major
cause of the high calibration factors found during steady-state experi-
ments. This effect produces a heat flux density correction (or s point
value calibration factor) which is a Funcgiun of the surface heat flux.
This suggests that for this type of meter to be used in a steady-state
experiment would require a knumiedge of the heat flux density correc-
tion a8 8 function of surface heat flux. It is important to reemphasize
that the high correction to be applied in the nucleate boiling regime
is a result of a slight shift in the boiling curve so that this type
of heat flux meter 1s quite adequate for a transient experiment. The
calibration factor obtained during a set of guenching experiments takes
into account any small variation in the predicted beiling curve and
poeaible‘degendence nn.haat flux density of the point value calibration
factor. Moreover this calibration factor, which is assumed to be cons-

tant, accounts for any other effects resulting during its fabrication

2
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TCENT
TAVG
TDIFF

QAVG
QF AR

QMET

QAVT
QFAR/QMET
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TABLE I.3
DEFINITION OF VARIABLES USED IN THIS ANALYSIS

Temperature given on the surfece at the nodal point which
is furthest from the heat flux meter.

Surface temperature at the centre of the disc.
Weigthed average surface temperature on the heat flux meter.
Surface temperature difference on the heat flux meter.

Weighted average surface heat flux on the heat flux meter
surface.

Heat flux corresponding to TFAR, ie. heat flux prevailing
on the surface far away fraom the meter.

Heat flux predicted by the heat flux meter.

Heat flux corresponding to the average temperature on the
disc. ’ ;

Calibration factor for the meter under steady-state
condition.

Ratio of the heat flux on the surface sway from the meter
to the average heat flux on the meter.

Fraction which is solution of the following equation:
TAVG = FRACx(centre) + (1-FRAC)xT(edge)

and used to determine the proper surface temperature for
the boiling curve.
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TABLE 1.&
HEAT FLUX METER AruaLYSIS

CASE NUMEER 3
QR 1

TR MM rAan IFF qa Far radd QU R/DET FMTAG TR
%) c) ) 0y werd (weed) (W)  (Wesd)

1950 131 19,6 615 5.88 8,60 1.8 8.86 1.0966 9686 AT
185.0 143,46 860 1039 %,87 ®.m 17,9 1%.8) 1.03%4 546) 4703
175.0 V2.2 1732 1, 8) 26,22 23.66 26,03 26.12 19839 23 476
8.0 1635 165.7  2.986 .06 %65 38.72 40.8% B9 Bk A2
161.0 153.0 1858 8.3 70,0 51,59 69.67 70.00 L7404 7360 682
138.0 1%6.6 15C.7 7.70% 96.1) 61,91 100.7y 95.62 ,610) .6399 o622
137.5 16,7 %9.% 8,664 105.09 63.36 1.4 104,00 » 5586 . 26600
137,30 W6, W90 8.7 167.38 .31 11 106.37 SS6% 5909 L4633
1570 Wh.0 W87 8.1 108.66 65,27 114,20 108.60 L5716 6007 467
1%.8 3,7 %a.3 8.709% 190,81 66.2% 114,70 1. .S 59719 A3
16,5 WIS 6.0 8.6 1M1,7 67.23 11).09 113.4) o X3 L6020 49
56,0 13,0 1674 8.4868 1Mk, 12 69.29 11,00 19.0% 6262 S072 0%
155, W26 W68 8. 113,85 .80 108.67 122 .80 6371 6163 L%
150.0 2.3 6.3 8,05 416,30 13.%9 103, 126.0% .696% 6327 .00
15%.5 Ww2,3 %5, 9 7.810 16,5 5.0 102,87 129.84 . 701 6507 « 5050
15,0 w8 15,5 7.%6 M6 78,18 9.0 133.36 .707) 6694 atY)
13,5 W15 WS, 120 116.22 60.%9 96.09 136,73 4387 6933 S
1520 W08 W39 6.%80 113.7% 08,3 85,4k 123.78 1.0220 66 .50
10,0 W0.0 w27 .69 10%5.7% 93.99 .91 10%.6) 1.3348 85 5152
We,8 18,3 60,5 6B 80.72 134.9) 37.91 78.60 2.3989 1,721 .50%
1w2,0 136.8 138.6 3630 61,09 95.98 46.00 60,32 2.0864 1.5712 24969
V.0 1LY M2 .M 26.%7 36.83, 2).91 8.7 15676 1,207 SO
1030 28,5 29.0 1008 15,%0 8.0 1.3 15.% 1.3828 11632 4862
125.0 126.2 126.9 502 7.86 8.%8 6.68 7.9 1.2084) 1.09%1 A8
18,0 17 e L8 2.78 2.08 2.5 2.7 1. 62 1.00%9 La9
12,0 19 M9 072 1.0% 1. Ky 1.06 109 1.0200 817
.0 2.0 W0 .0%2 18 .8 .6 Y 1124 1.0430 G2
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(see Appendix E).

1.2.5 Average Surface Temperature

Throughout the experimental program, an average temperature
between the edge snd the centre temperatures was used as the average
wall temperature against which the heat flux density was plotted to
give a representative boiling curve for the surface. Therefore, it was
natural to choose an intermediate temperature which would be a good
“representation of the surface temperature at which the indicated heast
flux density should occur for this surface. It is important to note
that the average temperature assumption was used strictly to plot ex-
perimental boiling curves; in this analysis, the integrated average
temperature was used to plot the predicted boiling curve. To verify
this sverage temperature assumption the différence between the tempera-
ture at the edge of the disk and the average surface temperature on
the disk was compered with the predicted tefmerature difference on the

disk. This comparison can be expressed byé@ﬁe following equation:

Tepee — Taverace
FRAC-= (1-2)
Teoce — TceENTRE

The results of this analysis are presented in the right column of
Tables I.4 and I.5. For the above assumption to be valid, the calcu-
lated ratio should be 0.5. In all cases, the tabulated values are

roughly 0.5; this analysis therefore validates the 0.5 value used.
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1.3 Conclusion

By solving the Laplace equation to obtain the tempersture dis-
tribution in the heat flux meter and its vicinity, explanations were
provided for the relstively high calibration factors that were obtained
during the steady-state experimentsT Dernedde(D1), who used a similar
heat flux meter, waes also perplexed as to why the calibration factor
he required for steady-state experiments was greater than 1. He sug-~
gested that it was possibly caused by conduction along the thermocouple
wire. In this appendix, 1t wss shown that this effect was chiefly
caused by a small shift of the predicted boiling curve to higher tem-
peratures. As a result, it imposes a severe restriction on the use of
this type of heat flux meter for steady-state experiments. 0Un the
other hand, the shape of the bolling curve is well reproduced and this
heat flux meter can be used efficiently to provide pool bHoilinn date

from a transient experiment.



APPENDIX J
L)

STEADY~QTATE CALIBRATION

As a check of the unsteady-state calibration procedure, a

steady-state experiment was designed to determine the calibyation factor

i
/

of a particular heat flux meter. The particular heat flux‘meter had
been calibrated via the indirect method involving the multiple quench-
ina experiments as described in Appendix H. Hence a direct comparison
is possible.

A detalled description of the apparatus has been reported pre-
viously in Chapter 3 along with the experimental procedure. In essence,
it consists of mounting 3 copper chamber on part of the cylindrical sur-
face which contains the heat flux meter. The copper cylinder was
drilled to accept fourteen, 500 W, 230 V cylindrical heaters. The pow-
er input was controlled by powerstat transformers. The evaporation
rate on the boiling surface was then related to the averaae heat flux
density over the active boiling surface. This heat flux density could
then be compared to the apparent one indicated by the heat flux meter
and a direct calibration factor could be obtained for any given heat
flux demsity. 4

This work was done with Cylinders 14 and 15 and the results

obtained in both cases will be discussed in turn,

2601
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J.1 Discussion of Results of Cylinder 14

J.1.1  Unsteady-State Calibration

A series of experiments were performed on Cylinder 14 to deter-

s

mine its calibration factor under unstea;y-state boiling. The critical
heat fluk results ohteined at different angular locations are presented
in Appendix C. Unfortunately, the critical heat flux results are atyp-
ical of those usuaslly obtained as the corrected critical heat flux
values are smaller by about 20% of those usually obtained. Moreover,
the severe depression in the critical héé% flux value at the 3g° angle
was not observed with this cylinder. Unfortunately these anomalous
results were not detected untll after the cylinder had been modified
and installeéxfur the steady~-state cglibratjon experiments. This was

3
the only cylinder that showed such behaviour.

J.1.2  Steady-State Experiments

v A series of steady-state experiments were run on different days
following the procedure described earligr, Table J.1 presents the re-
sults obtained. Also included in the table is a calibration Fac%or
given by the ratio of the heat flux obtained érom the condensation
rate to the heat flux measured with the meter.

Run 22 to run 28 were done in a similar fashion but every time
more care was devated to try and reach a higher heat flhx density as
indicated by the meter. However, it was impossible to obtain a temper-

ature difference on the gisk which would approach the one obtained in

_y N



TABLE J.1 - STEADY-STATE CAL . _.TS FOR BLOCK 14

271
HEAT FLUX

TEMPERATURE TEMP. OIFF, % POLER TIHE cow 1 cow 2 METER STEAM CAL. FACTOR
(°c) (mv) (») (m1) (ml) (/o) (W/ent)

Run M-22 -

duly 13, 1976
102.0 .035 25 1260.0 120 196 10.20 12,85 1,260
103.5 o2 25 660.0 +8 119 12,35 .90 1.206
0.2 .070 35 540.0 72 198 22.79 30.30 +.330
105.3 L1 5 540.0 1L 320 18.84 49,58 1.275
106.9 .181 50 5L0.0 118 L2 52.24 64.68 1262
10,1 226 55 570.0 136 534 Bl 20 77,61 1.205
11,3 2278 56 540,0 16 533 79.53 81.56 ( 1.026
11,7 ST 59 480.0 132 534 98.52 91.93 0.933

fun 1623

July 15, 1976
13,3 LOL8 25 810.0 98 106 13,95 10,81 0.775
1038 .120 W0 600.0 " 279 36.53 38,642 1.113
11n.9 168 50 600.0 150 L5 L8, 10 62.52 , 1300
112.4 206 53 480.0 125 418 58.81 71.98 fo.220
1.1 265 59 L80.0 158 532 75.39 91.58 1,215
115.0 .36 . 64 SL0.0 185 674 90,13 103,10 1,188
1.8 .35 65 360.0 130 520 100,20 119,40 1,192

Run =24

2y 28, 1976 .
09,2 L0 35 §90.0 116 220 21.5% 26,35 1.22)
111.3 L2 45 540,0 %S 313 40,62 47.89 1.179

fun 14=25
~gt 6, 1976

Auust 6 G oy
1101 093 35 690.0 120 Fcr 38 26,67 . 26.59 0.997
n1.e L1723 50 570.0 176 390 49,45 . 5R.54 1.3
11,3 .220 56 720.0 266 630 62.94 72.30 1,149
111.6 256 58 600.0 226 582 73.20 80.15 1.095
S111.5 209 60 600.0 236 616 82.54 84.83 1,027
11,5 2326 63 600.0 a2 710 92.65 97.78 1,055
1128 .358 65 600.0 255 758 102.20 104,40 1021
1134 . .63 61 660.0 250 730 . 97,74 91.39 0.935
1143 .82 & £00.0 235 "2 108.60 102.20 0.941
115.2 JL08 66 L80.0 227 700 115.80 120.50 1,040
116.6 425 &8 £20.0 206 646 120.30 127.10 1.056
17.2 457 7 420.0 225 78 129.20 147,20 1.139

ARun 1L-26

fonust 16, 1976

. ) .

111.8 .09 L0 660.0 150 260 27.58 32.%5 1,180
116.5 .80 50 540.0 198 Lt 51,17 67,94 1.328
"L . .193 . 55 600.0 208 495 54.04 68.17 1.2L3

fun W-27

aoguat 20, 1976
had .019 20 1110.0 82 92 56.91 49 1,267
113 .09%0 L0 600.0 133 250 25.7% %‘;3 1.337
112.6 .67 S0 480.0 s 330 £1.9% 5681 1,354
13.1 185 55 420.0 s 35 52,76 70.04 1.328
113.2 .210 58 360.0 135 349 $9.85 76.27 1.308
16,7 : L2L3 65 360.0 154 4“1 £9.05 .34 1.366
116.2 .261 67 300.0 139 377 73.95 103.80 1,404
116.6 .296 69 144.0 69 206 83.79" 118,20 1411
116.8 .30 70 117.0 55 170 86.06 . 120.10 1.39%
1162 276 68 330.0 152 443 70.20 110.90 1619
116.6 303 69 270.0 133 386 . 85.77 118,10 ‘r 1377 .

fun 1628 {.

September 15, 1976
11,6 112 L5 L80.0 92 a0 32.03 36.77 1,086
111.8 .125 . LS 570.0 131 290 35.73 ¢ 42.02 117
113.2 .203 55 360.0 115 301 57.8% £9.09 1,194 .«
16,1 L2465 62 360.0 153 394 © 69.7 90.43 1.297
111.6 13 %2 480.0 11 226 32,31 38.96 1,206
103.0 050 25 600.0 66 8 - .37 11.43 0.795
12.8 186 55 360.0 124 310 53.05 7.15 1.361
11,4 .10 w5 420.0 % 201 31.45 39,54 1.257
13,4 L212 60 360.0 132 w2 50,44 78.%0 1,299
113.9 . 265 7 330.0 159 (53] 75.4) i, 1,431
1.5 .29 70 270,00 , 146 3450 86,71t 107.10 1,264
15.2 I35 7' 2100 132 302 95,11 110,60 1.2
16,9 .38 7) 210.0 118 s 95.00 120.00 1.72%0
115.n 370 % 240.0 101 343 105.00 132,60 1,29)
111,49 .1 X 420.0 72 1%) 3.7 - n.n n, nay
112.0 R 3 L20.0 80 77 36.26 3,82 1,01



TABLE J.1 ( cont.) ,

.

TEMPERATURE TEMP, DIFF, X POLER
-(°) (mv)

Aun Tat3®

Septeroer 29, 1976
112.9 . 155 S0

Cn2 .158 50
16,9 240 65
110.3 070 40
16,3 . 185 60
116.3 . 195 €0
12,0 .18 LS
113.7 175 55
113.7 . 100 55
115.3 L2260 65
15,3 L2460 (33
1150 D,25¢ 67
106.9 LOLS 30
1137 .215 65
1.1 .223 65
11,1 .230 65
16,1 .235 65
113.9 .23% 6%
113.9 .2u0 65
116.3 .290 70

TRE
(s)

616.1
572.6

394,0 |

906.1
552.5
521.8
610.8
$19.1
LE8.8
4031
L12.6
3.8.4
1621.2
L83,2
48a.6
LS0.6
L75.5
L77.5
480.5
396.0

272
HEAT FLUX
Cono 1 coNo 2 METER STEAM CAL. FACTOR

(ml) (m1) (Weml) (4/emR)

184 L6S 46,21 62.36 1,011
182 W | 47,88 66.81 1.39%
166 M -5 68,17 97.52 1,631
110 22% 20,00 20.52' 1,022
3 LAY 52.61 69.39 1.319
158 457 58,45 72.37 1.305
134 300 33.69 4n.s8 1.205
162 417 > 49,83 £6.38 1.332
LY 384 51.25 £7.68 1,321
168 472 68,11 96.75 1621
17 L85 68.11 o 97.33 1.429
158 Ls0 72.28 106.70 y N7
122 | 125 12.99 7.27 . 0.560
153 455 61.22 77,01 1.25%8
153 477 63.45 80,63 1.271
8 LS 65,40 8766 1.2L8
160 W 66.86 82.89 1,240
181 L80 + 66,89 83.06 1,262
162 W 68.31 82.03 1.201
157 1.260

490 82.4? 102.20

® {his run was cone with York packing in the upénr section of the inside boiling gharber to

4
eliminate possible liguid entrainment directly into the condansar.

Run 1Lall
Octover 1%, 1976

108.4
1004
e,
1C3.2
107.9
106.8
09,2
08,2
1971

025

“058
o3

1818.8
1wsa.3
1908.1
1237.6
1498.8
2396.7

908.5
1126.7
1501.8

194

168
136
183
173
182
152
150

315 15.83 w31
314 18.13 17.79
181 8.08 2.84
216 12.38 10,62
254 12,96 %, 00
AR} 7.54 L.86
346 28,56 31,42
230 15,83 16.87
181 10.68 9.96
1

-

OaaDss000
2R022E
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an unsteady-state experiment even though the evaporation rate on the
Bur%ace suggested that a much higher heat flux density was obtai%ed.
This phenomena suggested possible liquid entralnment directly into the
‘condenser. Run 43 was then done by placing York p;cking in the upper
section of the inside bailing chamber to eliminate possible liquid en-
trainment. The same ;esults wergﬁubtainéd. Moreover, when the power |
input to the cylinder was too hiéa, the temperature of the cylinder
increased very rapidly as the boiling proceeded to the transition re-
gimé. It was possible during a temperature runaway to visually observe
temperature differences which were ip the ofder of magni£ude to those-_
obéegygd during the.unateédv-atate experiment. It was then decided to
observe directly the boiling phenomena on the cylinder. This.direct L
observation indicated that boiling in the immediate reglon of the meter’
at steady-state was quite different (less violent) than the rest of the

éurFacei Thgse observations led to the conduction analysis which is

presenfad in Agpendi§ I and to the eveluation of the effect of a thermal

cbntact resistance between the plug and the rest of the cylinder., It
is shown in Appendix I that the inberent temperature depreasiun on the
disk and its vicinitv can account For the large calibration factar
encountered in this study. Therefore this direct method of calibratin;
a heat flux meter fails.

The effects of the thermal resistance at the boundaries of the
copper insgrt and the inherent temperature depression are negligible
when the heat flu; density from the auf%ace is near zero; therefore it

should be possible to evaluéte the calibration factor in the fo{;owihg

13
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way. Experiments like run 44 were performed under conditions of de-
creasing heat flux. Unfortunately, the accuracy at very low heat fluxes
was poor because the condensate rate was iou and the tempérgture dif-
ference on the disk was small and oscillated slightly. Nevertheless,
about 14 observations of calibration factor were made usigg low heat
inputs. Theée calibration factor data wefe assumed to vary linearly
with heat flux density and were regressed accordingly. This regression
equation’ then provided a calibration factor at zero heat flux where the
confounding effects were absent. Table J.2 presents the values used

“

for the linear regression and gives the equation of the best line pass-‘
ing thrgugh'these points. A calibration factor of 0.67 with a standard
deviation of .13 was found for this metef._ This value is higher than
the.0.51 obtained in an unsteady-state experiment. Hpbéber, using a
value of 0.67, the CHF so obtained are closer .to thoge observed on

, _ )
other cylinders. . S

s

If was possible 'in some instances to record quite high heat
fluxes before the temperature of the cylinder ran sway. The highest .
heat flux obtained (Run 25) was 147 hJ/cm2 as calculated with the vapour
condensation rate. This value is approximately equalyto the critical
heat flux value usually obtained from the unsteady-state experiments.
This'observation demongtrates the equlvalence bétween the CH values

under steady-state and unsteady-state experiments.

J.1.3  Unsteady-State Experiments with a Temperature Runaway

-

Based on the hypothesis that if steady-state and unsteady-state

behaviours-are different, the rate of the transient should affect the
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CALIBRATION FACTOR

TALE 3.2

EVALUATION OF D CALIBRATION FACTIR FCR

8008 16 NITH STEAOY=STATE CXFERDMENTS

b

R CAL. FACTIR (g/A) STEAM
(Wer?)
23 278 10.81
7 K4 2%.%9
. 2795 . 11.6)
0 560 .27
w .90% 15,31
P .98t .79
“ .970 .86
[ 1,168 .82
(%4 1.060 1%.00
&b 645 4.86
&k 1.217 3167
143 1.063% 16.8?7
(%] .93 8.96

20y T T T 7 T T ;

BLOCK |4
A STEADY-STATE EXPERMENT
8+ E

CFe0-67 +0-0i8 (q/A)steom

S.0.=0-13
0 1 i I i ! }
© 3 10 18 20 23 30 35

-,

HEAT FLUX DENSITY (W/cnt)

FIGURE J.1 - ALOT OF THE STERAOV-STATE CACIORATION
FACTOR LERGLS MEAT FLUX AT TIE SIFNE,

4

TARLE 3.3

L4
CRITICAL MEAT FLUX VALUES DBTADMED WITH

ALOO¢ 16 DURING TEMFERATURE RUNAMAY

NGRE an of, AR, OF
(weet) oD
(e) Going wo N
0 » 116. % 11%8.1
3 129.%
3 129.9
8] 01,1
(b) Going oaun
0 0 113.1 11%.2
L2 197.3
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boiling curve and the critical heat flux value. With the experimental

set-up, it was possible to requlate the rate at which the cylinder was

cooling when CHF occurred at the meter. This was achieved by controll-

+ . N /f
ing the power input to the copper cylinder while it was going throug@iﬂ “7

the CH either starting in the nucleate boiling regime (low tempeﬁ?tﬂre)
and increasing the temperature or starting in the transition regimé\\\\
and allowing the 6ylinder to cool. The copper cylinder was therefore .
allowed to go through a temperature runaway and allowed to‘coal at
different rates while the results were being recorded with a minicom-
puter. Tab}e J.3 presents the results obtained with this set of ex-
periments. No difference in the CHF was observed as a function of cool-
ing rate and the value of CH obtained compares very well with a value
of 115 Wcm2 obtained in the quenching sets of experiments performed
ear%%?r.

%3' This set of experiments provides more valuable information re-
garding péssible hysteresis in the boiling curve whether CHF is ap-
proached from the nucleate boiling regime. In both cases, the CH is

the samg and the temperature at which it occurs is alsc approximately

the same.

J.2 Discussion of Results of Cylinder 15

Steady-state experiwents_were slso performed on CQlinder 15
which was cansidered to be an extremely goecd one. More than 178 runs
were performed on this cylinder before it was drilled. The raw data
for the three runs performed are'presented on Table J.4. The calibra-

tion factor was again observed to be a function of heat flux on the

v
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TAAE J.&

STERAOY-STATE CALISRATION RESLTS FOR BLODX 1%

HEAT FLUX DENSITY CALIBRAT TON
M. TEMP, OIFF., 1 R I oo 4 Q 3t £4C1
== it 5 e ey @oz e 2“5_, EXIR
%) . (o) (n]) (m1) (Wen')  (wes)
An 15179
ey 7, WM
8.2 030 0 034 ) 92 8,64 7.3 B8
0.9 JOR2 b 00,1 a2 162 2 0% 19.12 1.%¢
12.0 Libh 3% 6l 120 2% ¥y, % ol 2.76%
112.8 .0 0 639.2 n b 02 v.e2 2.6%2
*13.9 L300 L3 Ww2.6 ] 26) 16,22 £9.40 APEA-4
1R .6 - 00% b4 1912.9 » ” 149 .9 NN
e, ? .32 1% %30.} 88 (3] e? 2.3 +684
16,3 082 52 0.} n 32 2N 66,25 2 8L)
18,3 . 100 55 333 " m 28,38 6.8% 2.6
17.2 S 60 260.9 0 260 3.0 88.48 2.681
18,1 ey 62 264." 9 310 35,89 97,88 2.730
1113 032 e 1087, % 120 160 9.1 12.°6 1.328
12,8 JOu? 3% 660.) 00 R 13,48 29.0> 2,766
Bun 15-180
‘my W, 1977
*08.0 .09 66 870.7 69 & 9,45 6,26 1,166
Wr.6 .01} Ak 2648.7 5% " 3.7% 2.64 Seeal
4.6 003 0 19274 R 1 .87 36 G
410.) 032 3 1202.3 \kal 181 .1 2.4 1,384
A 15181
Hay 1,97 .
"2 LR 0 50,4 03 20 9.1 3.3 1,268
14,3 137 0 ¥6.4 a tca) 30.% 59.60 1,93
116.0 157 54 225.1 ) 236 . %0 86.6) 1.967
108.8 B 20 1624 126 32 89 6.73 1L ¥
031 002 10 2023.3 b 13 .58 .6t 1.0%3
08,6 .Mm7 0 .7 57 L] .89 5.6 1,193
106.% .012 "% 901.8 50 28 3.7 2.%7 Nl
10.9 L025 el 1160.8 1208 1% 7.16 1.0 1.5%1
107.6 .04 8 13%.5 91 ] (Y24 L] 1.999
w2 . 16% 6% 175.8 ] 293 L3 Bral 119,90 2.62¢
N
TARE J.%
CVALUATION OF € CALIDRATION FACTIR FOR
RO0O% 15 YITH STEAOY-STATC € XFERIMENTS
an Ca, AATI0 TEMR. BIFF (ay)
%] .8 .30
"y 1.9599 0462
1\ 9 N1%} Naenl
) .. .02
" 1,328 032
80 1. % .013
180 Meal] .01}
N 160 ALl 003
180 1.3564 .0)2
1?1 . L% 017 .
181 1.0%) .03
131 1) .0V?
ALY L360 .012
181 1.3%1 023
181 .09 013
c s

A streight Jine wes fitted ueing u lewst square
o the ollowing eQuetlon wee obtsined:

Ce .v8 420,60 Ty
with s stendary cevistion of .23 besed on 13 abeervetiow.
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syrface. It has been shown in Appendix I that the inherent temperature
depression in the heat flux meter and its vicinity can account for most
of the observed calibration factor variation with surface heat flux.
The relatively high calibration factor was shown to be mainly due to
the shift of the predicted boiling curve relative to the actual one.

A steady-state calibration factor can still be found by elim-

irating the effect of the thermal contact resistance and the tempera-

‘ture depression as mentioned above. Therefore, with a set of experi-

ments performed at low heat fluxes, it is possible to.extrapolate the
calibration factar to zero heat flux. The result of this extrapclation
is presented on Table J.5. A calibration factor of 0.68 was obtgined
with an appreciable variance. This value is nevertheless very close

to the value 0.70 obteined by the indirect cslibration with the guench-

ing experiments.
J.3 Conclusion X '

. These experiments showed the effect of the inherent temperature
depression on and in the immediate vicinity of the disk. As a result,
the average heat flux density over the meter is considerably different
from that over the main surface and the steady-state calibration method
failed. On the other hand, this effect becqmeaxlsea severe as the
average heat flux density over the surface{beccmes less .and should dis-
gppear at zero heat flux. Therefore, the apparent calibration factor
at each measured heat flux was extrapolated to zero heat flux. This

extrapolated calibration factor was then compared with that obtained

by the unsteady-state method and excellent agreement was found.
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In conclusion, it should be emphasized that the effect ohserved
during these steady-state experiments will in no wey invalidate the use

of the heat flux meter during the quenching experiments since the area

surroundiné the heat flux meter will register a lower gverage tempera-

ture just before the rest of the cylinder. It will nevertheless go

through the critical heat flux.

SN

o)
"



RPPENDIX K

COOLING AND BOILING CURVES PREDICTIOV

»

This éxperimental program relies heavily on the performance of
the heat flux meter and even more so on the abllity to find an appro-.
priaté calibration factor. As was seen earlier the uncalibrated results.
were quite insensitive to any offset required to correct the temperature
difference on the disk but the calibrated heat flux is very sensitive
to any error in thia offset because the calibration factor is sensitive
to it. For any particular cylinder, very good relative results were .
abtained for the change in O with angle or subcooling. The\calibra- \
tion Pactor is reguired to put these heat flux densities on an absoluﬁe{
acele, heﬁce the importence of trying to obtain it by different experi-
mental or calculétion techniques. Since the steady-state éalibration
method failed to provide an accurate check (although it suggested that if
the calibration obtained by the unsteady-state method was reasonable),
it was imperative to find some other method to generate confidence in

the calibra&ion factor which was used. This was done through two dif-
N .
4 ~

ferent but related calculatichSbhgmes:
1) To predict the cooling curves at points on the cylinder, using
the experimentally meagured heat flux densities (via the calibrated

-

heat flux meter) at each of the seven points as a boundery condition.

The predicted cooling curves are then compared with the experimental
\

" . \.
mEB. N .. \.
280 i - '
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(11 To predict the boiling curves st each poiﬁt on the cylinder by
. making the experimental and predicted cooling curves coincide at the
seven points. The resulting boiling curves are then compared with
those generated by the calibrated heat flux meter.

These two calculation schemes are really different solutions
to the "inverse problem" already discussed in Section 2.2.1. In addi-
tion, this anaigaie allowed the assumption concerning the uniform heat
flux denslty 0ve£ the length of the cylinde; at any angular position to
be chécked. Since this assumption was made in deriving the equation
for evaluating the calibration factor, proving its velidity adds cre-
dence to the method used to obtain the calibration factor.

In the first phase, this analysis only considered a two-
dimensional system. It serv?d two purposes: +to generate the desired
information and evaluate whether the calculation would eerve the desired
purpose. In the second phase of this analysis, the method of superpo-
sition was used to extend the solution to & three-dimensional one and
thus include the angular variation of heat flux.

It is the purpose of this appendix to outline these calculation
proced%fea ;nd present the results. The two~-dimensional and three-

dimensional analysis are presented in turn.

s

Ko Two-Dimensional Analysis .

K.1.1 Description of the Numerical Technigue

The problem can be formulated in the following terms: Consider

a finite cylinder (0< r < R and -L < z £ +) having a constant thermal

%
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diffusivity q and initially at a uniform temperature, To. At time
4 bed

v
t > 0, tme cylinder is allowed to lose heat st the surface. In this

case the heat flux at the surface is determined by the surface temperas-

ture through a prescribed boiling curve. The temperature distribution

within the cylinder es a function of time is calculated.

~

It is therefore necessary to solve the dnateady heat diffusion

equation:

The boundary conditions, taking symmetry into account are:

t=0, T=Te for OLr<R and 0L z<L

oT
t>0, E;F r=0

oT
0z ] z=0

oT

——

ol r=r
)

-~

/oT

£

(-52 z=L

%

= f(TR,Z)

= f(1},L)

(K1)

(K-2)

(K-3)

(K-4)

(K-5)

(K-6)

These boundary conditions indicate that it is only necessary to consider

one quarter of the cylinder

e
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r- O-=R
z - 0-2L

' "/}‘f—“\‘o —- 27

FIGURE K|~ CYLINDRICAL COORDINATE SYSTEM
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Because of the d&n—linear character of the surface boundary

284

condition, it is necessary to solve Equation K.1 using numerical methods.
In this case, the Alternating-Direction Implicit (ADI) method was used
(C1). Its main advantage is that resulting matrix of coefficients in

the system of finite difference equations is tridiagonal and hence can

be éolved easily and rapidly.

In this formulation, Tijv is defined as the temperature pre-
vailing at the point (i, ) (1 =/, 2, ... NR in the radial direction,
j=1, 2,... NZ in the z-directg;n). The radial and axial diffusion
terms are expressed by:

T | 0T Tin,j —2Ti; +Tiey; | Tinj— Ti-uy

5 +— = > + — (K7)
or reor.. Ar (i-DAr  2Ar

BT Tijn —2Tii + Tij-i

022 Az?

(K-8)

It is extremely important to formulate the boundary conditions
correctly in finite difference form to minimize the discretization

error(T4). Each is discussed in turn below:

(1 Atr=0( = 1),-?I=D (K'9)
at

Therefore by L'Hopital's rule, the term

——=— a5 r—0 (K-10)

-

7y iy Saame R
RSO PO e

Ch e )

ok

s B LT

oy N

AT

-

)
=ita

s e
S Hedadesy

-~ I
2n S

hE 7

N3 L
ST

S T el iR

%

PN
L e

iy g S
BT

P BRI G

@

TR

.
P A L

T

2T e R A e

o

C L R e e b YR L i LS N

.
e TP e s et .

PRSP 5



285

and the diffusion equstion becomes

2 2
o ot T (K1)

a ot ore  9z°

and because of symmetry

2T 2(Tay; = Tiu)

ar® Ar? .
(i1) At 2 =0 (J = 1),f21:= 0 and the axial diffusion equation
0z
becomes:
d°T 2(Ti,2a = Tip )
= (K

922 Az?

(1i1) At the outer surface of the cylinder (1 = NR or j = NZ), there
is 8 heat flow out of the surface determined by the local temperature'

r
snd the assumed boiling curve. This heat flux density is expressed by:

T
-k — = (q/A) ¢ . (K-14)
on

o
where n is the normal to the surface (eitfier r or z). In finite dif-
ference form, Equation K.14 has been foynd to be best represented by

the central difference form(T4), viz.:

(Tm+r — Tm-1) .
~k = (q/A)g (K-15)
24An




25%

:j%ﬁé;:;L+| is 8 fictitious point located at An beyond the boundagy.
This formulation allows, Tm4; , in the diffusional Equation (K.7 or K.8)

to be replaced by: ! ’

2An -
Twer = Tu—t = (q/A)g-[——] (K-16)

In this particular study, the ends of the cylinder were assumed
to be perfectly insulated by the transite holders. Alse the holders V
extended over a partion of the Tetal Cylinqgr and effectively insulated
this circumferential surface area. hese insulated surfaces caused axial
temperature gradients to exist within the cylinder.

The solution of Equation H%l was effected by solving Equation
K.9 for all of the implicit temperatures in the nigiigption after a time
interval, At/2 (At being the time interval efter which a solution is
sought); the temperatures in the z-direction had been previously eval-
uated at time t and therefore known. Equation .1 was then solved
(Equation K.8) for the temperatures in the z-direction after a time
At/2using the updated temperatures in the r-direction.

In this solution, a time interval of .1 s, 10 mesh point in
the r-direction and 10 mesh points in the z-direction were employed;
doubling the number of mesh points or hqlving the time interval did
not change the teﬁperature at any point by more than 0.1%. Moreover;
the numerical technidque was compared with a numerical 'solution based
on superposition and an analytical solution (employing a constant heat

flux with time) and very good agreement was obtained(TL).

\/l /f' ~ .J
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K.1.2 Rasults and Diascussion v

[

The edge thermocouple of the heat flux meter traces out a cooling
curve far that particular point on the cylinder. 1If as a first approxi-
mation it was assumed that the heat flux density was uniform around the

cylinder and corresponds to that from the boiling curve generated by

-

the calibration heat flux meter at the instantanecus temperature.condi-
tion, it waé possible through =& finite difference formulation of the
unsteady-state conduction equation for the cylinder, described in the
previous section, to predict the temperature-time history'of the sur-
face temperature. Account was taken of the insulation provided by the
transite end pleces and the circumferential area covered by them.

The predicted cooling curve was then compared directly with the
measured one to indicate whether the assumed boiling turve was reason-
able or not. The difficulty was that the measured/heat flux.density
was observed to be nonuniform around the cylinder \(this variation was
indicated in %igure 5.4); consequently some deviation between the pre-
dicted and observed cooling curve was to be expected. Graphs on Figure
K.1 show typical results: The least deviation occurs at 120° ;nd the
greatest at 30°. This result is to be expected, however, since the
boiling curve which was used corresponded closely to that observed at

1200; the boiling curve at 30° was pbserved to be much lower.

It was also possible through this analysis to predict whgz the
boiling curve would have to be to generate the measured cooling curve..
In this case, the analysis started with the initiasl temperature and,
with an assumed bolling heat flux density, predicted what the temperature

(=
»
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at the point should Bt after a small time interval (the interval between
measurkéd temperatures). If the predicted temperature was more than
0.05°C different from that measured, the boiling heat flux density,
whiéﬁ again was assumed uniform around the cylinder, was adjusted ap-
propriately until this temperature condition was met. The procedure
was repeated for each measured temperature in turn. In this way, @
boiling flux density curve was generated. This direct iterative pro-
cedure was efficient and effective since the experimental cooling curve
represented 1he lowest surface temperature of the whole cylinder at any
time and hence the boundary conditions for sll other points were detegr
mined in advance from it. Figure K.2 indicates the heat flux density
curve generated by this procedure. The severe variations in it arise
by virtue of the sensitivity of it relative to the errors in measured
temperature. If 8 cubic spline smoothing technigue was uéed(RB) to
smoogth the temperature data, this variation was minimized, ass indicated
byitﬁe dashed boiling curves in Figure 5:2. In any event, the required
bof}ipgxcurve is of the same magnitude as the one generated by the
calibrated heat flux meter. There doea»sgem to be an effect of wall
temperature (the predicted curve is shifted to lower wall temperatures),
but this can be accounted for by the averaging procedure used to assign
'pn appropriate wall temperature to the average heat flux recorded by
the heat flux meter. It may also result from the assumption of caons-
tant heat flux density-jaround the cylinder. Obviously since the heat
flux density does vary around the cylinder, conduction in the ¢ -direction

does occur; hence, for a more accurate d}ediction, a three-dimensional

ranelysis is required in which account of the varying heat flux is
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included. Thie three-dimensional analysis is covered in the sections

to follow.

K.2 Three-Dimensional Analysis

The use of en ADI numerical methad for a three-dimensional
system would necessitate & large amount of programming and excessive
computer time. Instead, s simpler scheme, based on the principle of

superposition, was used. This new scheme appears to have been used s

\
for the firat time by Archambault and Chevrier(A1). A direct compari-\W/,—/
son with an analytical method and an ADI numerical method showed that
this new scheme gave the same results as long es the boundary condi-
tions were specified correctly(T4). In addition to being‘;aaier to
program, 1t requlred 20% less computer time for a two-dimensional sys~
tem(T4). The description of this numerical method for a three-dimen-

sional system will now be derived followed by a discussion of the re-

sulte obtained with this method.

Ke2.1° Method of Solution

o

The problem can be formulated in the same manner as was done in
Section K.1.1. However, now the problem necessitates including the

arigular conduction term of the unsteady heat diffusion equation:

(K17)



The boundary conditfons, taking aymmefry into account, are:

t=0,T=Te for O<Kr<R and 0<z<L

oT
t>0, —

ar r=0

oT
or

oT

oz

oT
dz

or
I

aT

3¢

rsR

=0

2=

#0.

= f(TR,z,y)

(Boiling curves)

(Axial symmetry)

=f(Tr,L,¢) (Heot loss from the ends)
L ,

(Each vertica half of the cylinder
is the same)
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(K-18)

(K-19)

(K-20)

(K-21)

(K-22)

(K-23)

(K-24)

These boquary conditions indicate that it is only necessary to consider

two gquadrants of a helf length of the cylinder.

Because of the non-linear character of the surface boundary con-

ditions, it is necessary to solve numerically Equation K.17.

In the

numerical technique formulation, T1 i,k , 18 defined the temperature
rJdy

prevailing at point (i,j,k) (where i = 1, 2,...0NR in the radi%.directiOn,

J=1, 2,...NZ in the\EXial direction and k = 1, 2,...NA in the angular
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dirsction). The radiel, axisl and angular diffusion terms are expressed

by:

02T | oT Tis,jx = 2Tiik + Tiv,),k P Titnik = TimLik

St + (K-25)

r or Ar? (-DAr 2 Ar

2T Ti,itik — 2 Tigk + Ti, -1k

92° Az?

I 2T  Tijkst — 2 Tiik + Tiik-i
r2 ag2 [(i-1) Ar Ag)?

It ia extremely important to formulate the boundary conditions
correctly in finite difference form to minimize the discretization er-

ror(T4). Each is discussed in turn below:

o
(1) Atr=0(1-1),3}¢0

This nonequality arises because the thermal centre does not ceoincide
with the geometric centre as a result of the high angular variation of
the surface heat flux. This implies that to obtain the temperature at

the geometric ééntre with greatest accuracy would require simultaneaus

solution of all mesh points in the cylinder. However, this is virtually
impossible due to the size of the system involved and the large computer

time that would be required to obtain a complete solution. Instead, the

system was solved from one surface point to its antipode. It is felt

that this procedure gives an accurate solution because the centre point

reacts falrly slowly to heat flux changes at the surface. This procedure

(K-26)

(K-27)
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provides many solutians for the centre point and an average of these

temperatures should provide a good representation of the centre tempera-

tUI‘E.
al

and the axial diffusion term becomes

92T 2(Tiax — Tiik)
= (K-28)
dz°2 Az?

(111) At the ocuter surface of the cylinder (1 = NR or j ='NZ), there
is & heat flow out of the surface determined by the local temperature
and the assumed boiling curve. The formulstion of these points was
presented in section K.1.1,

(1v) In the angu%ar direction, the syastem is solved for only one
half of the cylindér because of the symmetry conditions at

and  ¢=7 (k=NA) ¢

Similarly to (1i) the symmetric point lying outside of the domain of
solution is replaced by its symmetric point within the domain of solu-
tion.

oT

(v) At z=L (J=NZ),-k— =0
dz

In this particular study, the ends of %Qg cylinder were assumed to be
perfectly insulated by the transite holders. Also the holglers extended

over a portion of the metal cylinder end effectively insulated this
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circumferential surface srea. These insulated surfaces caused axial
temperature gredients to exist within the cylinder. ?he method of
superposition is used to solve Equation K.17 by solving implicitly each
of Equations K.25, K.26 and K.27 in the three respective directions
while, in esch case, the interaction of conduction in the other two
directions is neglected. These three independent unidirectional temper-
ature distributions, U

and u for the radial, axial

1,3,k V1, 3,k 1,3,k
and angular directions respectively, provide three solutions for all
.the points in the system. The three-dimensional temperature distribu-
tion at time (t +At) 18 obtained by slgebraically summing the re-
carded temperature differences (Ui, «,r+ar = To,060) , (Vi k140t — Topkt)

~

and (W,,jk,t+ar — Ti,jx, ) to the temperature sT, k¢t at esch point at

W

time t glving the following equation:
Tonkr+ar = Uijkr+ar T Vigkr+ar + Wi igr+ar — 2 Tijxgt (K-30)

for 2<i <NR
| £j<NZ
I <k< NA

Becauge a three-dimensional system 1s used to solve this proble?,
it is not necessary to solve in all dimensions in some inetances for the
centre-point. At the centre there is no angular variation and therefore
when solving Equation K.27, it is only sclved from L = 2 to NR. Simi-
larly when the axial temperature distribution at the centre is sought
it is not necessary to do it for all angular mesh points but only for

one as it 18 a unique point. To complete the full temperature
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distribution at the centres point sn average temperature is first calcu-
lated from mll the radial one-dimensional solutions and then added to
the one calculated with the axisl one-dfmensiocnal salution at the centre

point to give:

| NA
Ti,i,k,t+81 = -—l; > Viikeear + Unjeear — Tignge (K-31)
NA k=i

for i = |

This method of sclution was used in the same way as the ADI nu-
merical method was used for the two-dimensional system to predict cool-
ing curves for each of the seven experimental points or the boiling cur-
ve from the expefimental%y measured (smoothed) cooling curves. A lis-
ting of the computer program for the three-dimensional situation is

presented in Appeﬁdix Z. The results obtained with this system-will

now be discussed.

Ke2.2 Resul ts and Discussion \

1 4,

Three different runs, two at saturation and one at 20°C sub-

cooling, were investigated. Cylinder 15 ;\uas chosen for this analysis
because 1t was & cylinder on which a great nymber of experiments were
performed under various conditions; 1t was used to investigate the

?

effect of length, partial axial insulation, subcooling and partial -
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circumferential insulation under saturated and subcooled conditions.
Finally it was used in the steady-state calibration experiment. The
analysis in three-dimensions essentially comprises choosing one expe-
rimentlat each of the seven angles investigated (0, 30, 60, S0, 120,
150 and 1800) and using the measured cooling curves or the boiling
curves as boundary conditions in the solution of the problem. It should
be noted that the seven boiling and cooling curves used in any one ana-
lysis originate from seven different experiments. Because the initial
quenching temperature for each experiment was different, some alignment”
of temperature at time zero was necessary. This procedure induces some
errors in the prediction as some temperature gradients may exist at the
chosen starting temperature. Since the heat flux at these high tempera-~
tures is relatively small initially, these gradients should not be se-
vere. The results for the three cases investigated are presented on
Figures K.3, K.4 and K.5. The agreement with the experimental curves
is quite good and now the prediction at a 30° angle is very good as it
follows very closely the very low heat fluxes usually encountered in
the transition regime.

g The resulting boiling curves for selected polnts are shown to
be in quite good agreement with those generated by the indirectly cali-
brated heat flux meter, thus suggesting again that the meter calibra=-

tion prbcedure is reasonable and that reliable heat transfer rates can

-
~

s

be measured in this way.

K.3 Influence of Transite

In this experimental program, the ends of the copper cylinder
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were assumed to be perfaectly insulated by the transite holders. Also
the holders extended over a portion of the metal cylinder and thus ef-
fectively insulated this circumferential surfece area. These insulated
surfaces could csuse axial tenpe;éture gradients to exist within the
cylinder and on the surface of the cylinder. The unsteady-state cali-
bration procedure assumed, however, that the surface hgat.Flux at any
angle was uniform over the cylinder length. This assumption is reason-
gble because copper has such a high thermal conductivity. With the
Agmerical method at hand 1t was possible to verify the validity of this

assumption. To do this, the cooling curve was predicted for a 15.24 cm,

,11.43 cm and 7.62 cni long copper cylinders with an insulsted 0.635 cm

width on both sides of the cylinder. Results for most of the ceses
studied are presented in Table K.1. The integrated average heat flux
for all mesh points on the surface was divided by the integrated aver-
age heat flux for all points at 2 = O (centre of the cylinder). The
results indicated in Table K.1 clearly show that the assumption of a
uniform axial surface heat flux is valid since a maximum error of only
3% is introduced with this assumption. The error is smaller for a lon-
ger cylinder begause af the smaller temperaéure gradient induced. These
results we¥e obtained with the two-dimensional study because it required

less computer time and more cases could be studied. For & 7.62 cm cy-

linder, similar results were obtained with the three-dimensional system.

v
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APPENDIX L

CORRECTION OF SUBCDOLING LEVEL AT THE CRITICAL HEAT FLUX

-

A series of experiments were performed on copper ‘cylinders at
various water temperature of the quenching bath to determine the in-
fluence of subcooling on the critical heat flux density. Although
the level of subcooling was preset at the beginning of the experiment,
by the time the cylinder actuallyZ:ent through the critical heat flux,
the gquenching bath temperature had increased. Furthermore, since higher
initisl cylinder temperatures were required (becasuse the CHF occurred
at .higher tenperaturés) and since higher heat flux densities were ob-
served at higher subcoolings, more enthalpy wes transferred to the water
prior to the CH at hiéher subcoolings. Hence the sctual subcooled
condition at the time when the critical heat flux occurred was different
from the initial condition and the correction to account for the enthal~
py transfer from cylinder to water was different for each initial sub-
cooliég. Since it was desired tao compare the present experimental CH
data with that predicted from available correlations in the current
literature, the subcooling which actually existed at the time the cri-
tical heat flux occurred should be known. A heat balance based on the
meéégfﬁd heat flux and the average temperature increase of the quench-

ing bath provided the necessary correction to the initiai subcooling;
this balance is shown below. )

It was impossible to perform a direct-hkat hglance, whereby
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the average temperature of the water at ény time could be celculated

by integrating the heat P1u§ density over the aeppropriate areas and
with time, because the steel frame and the transite disks alsc contrib-
uted to reduce the subcooling level of the quenching bath. Instead, it
was decided to calculate the fraction of the total heat content of the
block which was transferred up to the time of the critical heat flux
pgint and to assume that the complete cépper chinder agsembly lost the
saﬁ;\Yractiun of its heat content. This was accomplished by the inte-

gratiph procedure mentioned above; the results for the two highest

lings investigated are presented in Table L.1. These results
that roughly one third of the total heat content left the cylinder
ay/ the CHF point. Moreover, it was possible to measure the average
increase in temperature of the quenching bath at the end of the experi-
nt. The ovérall increases in the quenching bath temperature were ap-
proximately 1°C, ZOC, 4°c and 7% for 5°C, 1D°C, 20°C and 30°C subcaol-
ing respectively. These values provide a measure, in term of tempera-~
ture, of the qyerall enthalpy increase of the water and, also, of the
total enthalpy loss of the copper cylinder assembly. UWith the assump-
tion of a lumped copper cylinder assembly and @ completely mixed water
tank, it is possible to calculate corrections of 1.4°C and 2.1°C for
20°c and 30% subcooling, respectively. 5

However, over the duration of the quench, there is a region of
higher temperature in the vicinity of the copper cylinder which could
be measured. Temperatures in excess of 80°C were recorded at the top

of the cylinder at CH for a 30% initial subcooling. The assumption

of the completely mixed system is therefore inadequdt®: To compensate
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for this effect, it was deemed necessary to use a slightly higher cor-

rection for the initial subcooling. It was decided that a value corres~

Y

ponding to no more than half the measured average increase in tempera-
ture would provide a more reslistic correction although this correction
was still believed to be conservative. The result of applying this
carrection was that the level of subcooling which existed at the time

of CH was about 90 percent of the initial Value.
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APPENDIX M
CALCULATION OF SONVIC ORIFICE VAPOUR FLOW RATE

Using an orifice which has heen sized to operate with the sonic
velocity at its throat (& sonic orifice) is a very easy way to control
the flow rateicf 8 gas or vapour under pressure. This ease of control
arises because as long as the ratio of the downstream to upstream
pressure is smaller than sape predictable critical value the velocity
in the throat is sonic and the mass flow rate depends only on the
upstream pressure.

In this experimental program, vapour was injected underneath
a single copper cylinder as well as underneath the multiple arfay of
cylinder. The available pressure of the steam supply system was 100
psig and therefore it was possible to use a sonic orifice for this
purpose. The size of the sonic orifice used in this study was 0.5635 cm
in dismeter. Therefore to control the steam flow rate across the ori-
fice 1t suffices tg contral the upstream pressure of the orifice. The
objective of this appendix is té present the calculation procedure for
determining the mass vapour flow rate corresponding to the four upstream
pressures used throughout this‘igudy.

Brodkey(B13) gives the eétation for a sonic orifice, viz.:

C/yMw 2 pALN Po
W = | —lY - — . (M-1})
dj» R [7+J JTo _
Vi A

{ r
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where y=Cp/Cv . Brodkey slso gives the equation for celculsting the

sonic velocity for an ideml gas, viz.:

C = (M-2)

from which the value of y can be extracted because the velocity of
sound for steam at 134°C (407.29%) is given as 494 m/8{R9). The value
of y was calculated as 1.14 and assumed to be constant for the pressure
range considered (R value used is 83.13 = 10°® dyne-cm/gmole®k).

The condition of operation for the sonic orifice requires

that(B13)

4

:o > | 7: 1777 - 174 (M:3)

& Po 2174 P

This condition stipulates that the upstream pressure should be greater
than 26 psia for the present situation. In this study the minimum
pressure used was 35 psia and therefore well sbove the lower limit.

The 0.63%5 cm dismeter orifice was designed according to the ASME spec-
ifications(F3). Careful machining aéd polishing of the orifice contour
was done in an sttempt to obtaln a discharge coefficient close to 1
over the whole range. This orifice was calibrated previously by fR\

\
Khosla(K3) who found that the mass flow rate was predicted by Equation \\

M.1.

It is now possible to calculate the mass vapour flow rates



308

corresponding to 100, 60, 40 and 20 psig. 7o do so it is necessary to
have the temperature of the steam at each pressure. By assuming a
constant enthalpy expansion from saturasted steam at 100 psig, the tem-
peratures at each downstream pressure can be calculated; these are glven
in Tablg M.1. UWith Equation M.1 it is possible to calculate the mass
flow rate of vapour going thrdugh the orifice end compare it to the
amount of vapour generated by a single cylinder undergoing CHF at satu-
ration (110 m/cmz, 12.4 g/8). The results of this calculation are

presented in Table M.1.



- VAPOUR VOLUMETRIC FLOW RATE

CORRESPONDING TO UPSTREAM PRESSURE

-
s

A L
UPSTR%AM STEAM

PRESSURE TEMP.
(paig) (OK)

00 443
60 434
40 429

20 426

TABLE M.1

.MASS5

FLOW RATE

(g/8)
39.3
25.9
19.1

12.2

o 309

FRACTION OF

CHF AT SAT,

3.17
2.09

1.5"
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. RPPENDIX Y

MAIN MINICOMPUTER PROGRAMS USED .IN THIS STUDY

METEN IS A PNOGKAM WHICH HAS BCEN DOME TO NANDLE DATA
ACUULSITION FOX A MAKIMUM OF 3 HEAT NLUX METENS AMD A HAXTHUN
OF ¢ INDIVIDUAL TENPCMATUKCS. , METEK OPERATES UNOLR nDOS. 1T 13
LOADED BY CALLING METEN AND If ACTIVATED 87 PXLSSING CTAL €
ASCI1 CHARACTEN FOLLOWED BY ONC OF THCIL LETTENS o
rOR CONTACT AEMSET HISTORY PAINTOUT
OPEHATIONS AME FINISHCD ANO CONTROL 13 PASSILD 70 ™ML CLi
CHANGE 1IN THE JUTPUT DEVICE
OUTPUT HESWLTS ALNEADY OBTAINCD
HUN WEITHOUT ANY PARAMCTEX CHANGC
CHANGE THL HUM PARAMCTEAS AND wuM
QUTPUT INDIVIOUAL TTMPLHATURLS

i

“MUXOC O
e e e e

BY PRISSING CTxa. € ALL THL CHANNILS ARC CLOSCD., ALL THC
JOBS AXE KILLED, ALL OUTPUTS AKL CANCELLED AND THL PROGHAM AVAIT3
ONL OF THME ABOVL LETTEAS TO 8L ARECLIVED. LVEXY OPTION ASMICIATLO
wIIK THE DLFFERENT LETTENS VILL BL EXPLAINCO IN TME SECTIONS 10
FOLLOW.

A - LLTTER "C*

WHEN THE LEITER "R’ Qx *S* [5 PREDSED. THE PROGHAM
DOES NOT STAXT 1O TAXE ACADINGS IMMEDIATELY BUT MATHLK WALTS IHAT
TME CONTACT SENST ‘@' 8C CLOSED. THIS ALLOWS TO START THE DATA
ACQUISITION AT THE EXPENIMENT LOCATION WHENEVEX 1T IS READY.
THE PHROGRAM CAN BE STOMPED AND KESTARTLO AT ANY TINE ODUNING A
RUN BY OPENING CONTACTY SENSE *@° AND RECLOSING IT.

0 - LETTER 'O°

WNEN LETTEN *0' 33 PALSSID, THL DATA WHICH HAS JUST BCEN
OBTAINED WITH THE MEAT FLUX METER IN THE CXPEHIMINT ART OQUTPUT
TO THE CHOSEIN OUTPFUT DEVICL. BY DEFART, THE OUTPUT WwILL OC
TO THL TELETYPL. WHEN TME DATA ARC TAXEN, THK DATA 13 AL3O OUTPUT TO
THE SPECIFICO OCVICE, HOWEVER [T |3 PO3ISIN.L THAT AN CAROR WAS
INDUCED [N THME OUTPUT AND THEARKFOMC THIS OPTION QIVES A CMANCE
TO OUTPUT THEK NESULTS AND NOT LOST AN [XPCRIMENT. MORKOVENK,
THIS OPTION ALSO ALLOWS THE OPCNATOX TO STOHC THL DATA ON DISK.
TME DATA PLACLD ON DISK ANC W ASCII AND ARL APPENDCO TO A LOC

FILL NAMED “INTO.JT™ « WHEN THE TNANSFLR 13 COMPLETCO. AN ASCIL ‘2°
18 PAINTLD.

7 - LLTTLR *A*

THERE ANE FQUR PAPKAMETCKS WHICH ARL YSUALLY

SPLCIFILO WHEN THRL FROGRAM IS INITIATED. THESL ARC

NFLUX = # OF NEAT FLUX METLRS

NILMP = 2 OF INDIVIOUAL TLMPLRATURLS

DTINOW = CONVENSION BLOCK THOH A/D UNITS TO

INGINLEARING UNITS

NODE - MOOL OF CONTACT SLNSC
AFTER THTSC PAKANCTERS KAVE BLEN SPLCIFILD. THE PROGRAN AWAITS
THAT CONTACT SENSE *9°' BL CLGSED TGO STAKT. MHOWEVECR, WHEN TML
LETTECR *R' 15 PRLSSCD THE PARAMETERS ARCL NOT CHANGED AND THE
PROGRAN 135 INITIAYED WITH

NFLUX - )
THE A/D CHANNELS ARE RCAD EVEXY .31 SCCOND AND AVEHAGED NTEWHP - @

N TICK A CEATAIN TINE PEN1OD WHICH |5 DEKTIAMINKD BY CONTACT S(NSES OTMOW = @ (OTHIG, RANGE -#.2 TO 2 nV)
T30 AND “2° PATICAN AND THEL FOURTH PARAMCTCR SPLCIFILO WHEN THE: M0E - 0

LETTEX *S* 1S PREYSLO. THE FOLLOVING TABLE GIVES A DUSCRPTION
OF THE TIMEL AVLRAGING AS A FUNGTION OF THL mMOOL CHOSLN AND THL
CONTACT SENSCS PATTEIMN.

eeserecterseee
o AVEKAGING TABLE ¢

2030400000 00000000000000000

Vsestersecny

.

« 38 108 290
* Q0 30 Lee
e 180 20 %9
o 9 " 28

eacessec e asea

.
.
.
.
.
.
.
L]
.
.
.
.
. .
.

L LTI LYY IR Y T AP R Y Y Y

T™E VALULS AxE IN CYCLES (ONE CYCLL IS 0.01 SECOND) WHICH MLANS
THAT THME AVERAGES AKC TAKCH LVEXY 240 CYCLES (IE 2 SLCONDS) FOR
THE CASE WMEM CONTACT SENSC 2 IS CLOSLO ONLY AND MODE 2 13 CHOSEN
AS AN INPUT PAMARELTCK Al THE INUTIATION OF TRL PROGRAN.

CONTACT SENSCS °*1° AND "2° ALLOW TO VARY THEC KATL OF
AVERAGING OQUKEING ANY CXPCAIMENT. LOW AVEXAGING PERIODS ARE TAKEN
WHEN THE CYLINDER IS GOING THNOUGH THE CRITICAL MEAT FLUX AND
HIGHER AVERAGING PERIODS AnC USED WHEN TEMPERATURE 1S CHANGING
S,0M.Y AS IN THE CASE OF FILM AND LOW THANSITION REGINE AS WELL AS
AT LOW NUCLEATE BOILING WEGIME. THC MODL (S SPECIFILD WHIN THE
PROGHAM 15 LOADED. CONTACT SENSLD AKL CHANGED DURING .

THE EXPERIMENT BY VISUAL OBSERVATION OF THL BOILING PHENOMENA.

, THEREFORC THE LETTEA *C' IS USED AT THE END OF AN EXPENRI-
MENT IO QUTPUT THE TIME KISTOKY OF THE CONTACT SEMSES. 1T GIVEs
THE TIKE OF THE CHANGEL AND THL NUMBER OF CYCLES WHICH PREVAILS TILL
THE NKRT CHANGD. IHE QUIPUT 1§ HADL TO THE TELETYPE.

B - LETTOLN *F”

/' wHEN THE DATA MAVE BEEN OBTAINED AND ALL THL INFORMATION
NCEQLO HAVE BECH KETHEIVED, TNC COMMAND 13 PASSED BACK T0 TME CLI.
THIS IS DONE BY PHESSING THE LETTLR '7*' (STANDING FOR FINISH) G
1T 15 THE OMLY WAY TO KETUKN TO THE GLI AS THEK CTH, A ACTION OF
KOd$ MAS BLEN DISABLED.

¢ - LETIER "L°
,

THIS OFTION PHOVIDELS THE POSSIBILITY TO CHANGE THL QUTPUT
DEVICE FOR ANY SUBSEAUENT OUTPUT REQUEST. BY PRESSING THEK LLTTEN

G - LLTILR *5°

THES LETTIEX GIVLES THC OPTION TO CHANGD THE RUN PARANLTERS
WHMEN THL PROGRAM IS INITIATED. THEL PROGRAM CAN KANDLL
UP 1O 3 HEAT FLUX METERS AND & INDIVIDUAL TEMPLCRATUKLS. ALL FOUR
PARANLIZRS WILL BEL IXPLAINED IN TURN.

.
CINTACT o no0¢ €13 NFLUX - IS THE NUMBER OF NCAT FLUX METCRS WNICH ARE USED
SINSES QURING THE LXPERINENTJ EVEKY HCAT FLUX MITLRS TAXCS IVO A/0
. CHANNILS, ONL FOR THL TIMPENATUNL DIFFTRINCE ON THL DISX AND O
R T FOR THE BLOCK TEMPLHATURE: THE FINST 13 A/D CHANNELS AL
.

RAESCRVED FOR WLAT FLUX METEKS ONLY, EVEN 1F THERE TS ONLY ONC
METER INVOLVED « A/D CHANNELS 1] TO 14 ARE MECSELRVED TO INDI~
VIDUAL TEMPERATURLS.

(2) NTCHP - 1S THL NUKMBER OF INDIVICUAL TUMPIKATURLS
W{ICK ARL OLSIRLD TO BE NCCORDLD AS A FUNCTION OF TiMLe 1T CAN BT
CYLINDLH TEWPRATURLS ON THL SIDK COLUHN OR 1T CAN 8L WATCN TUnrP-
ERATURE DURING 3SUBCOOLLD BOILING ACRO3SS THL CEINTRL COLUMN.

€) OTNOW = THE TEMPERATURL DIFFECRINCE ENGINZERING CONVIKSION
UNLIT 1S DEPENDENT ON THL CALIBRATION OF THL THERAOCOUPLE THANSHLITEXS
THERC ARL YWO POSSIALT OPTIONS. IF THE TRANSHMITIINS FOR TNL TIMPL-
PATURL DIFFERINCE |S CALIBRATED BLIVEEN -9.2 TO 2 MV (DTMIG) IKC
INPUT 15 ® AMD 17 CALIBRATED BLIWLEIN =-6.2 T0 1 MV CDTLOW) THE
INPUT 15 1.

€4> HODL - THK CONTACT SINSE HODE 15 DETERMINED BY THL TYrPL
OF EXPIRIMENT WHICK 1S NHADE. FOH INSTANCE, LFf THU CXPLRINENT 5
PCRFORMED WITH A PARTLY INSULATED CYLINDER, 1T WiLL COOL RELATIVELY
2.0V AT SATUKATION DOILING 30 THAT MODL 2 wiILL BL CKOSIN MEARL.

H - LITTER °T*

THIS LETTER ALLOWS TO OUTPUT THE INDIVIDUAL TIMPCHATUKLS
TO THE DESINED DEVICE. THE QUTPUT FOMMAT |5 DETCNMINED
BY THEK NUMBER OF INDIVIOUAL TEHPERATURES.

A GENLRAL COMMENT MUST BE ADDED AT THIS POINT. INIS PrO-
GRAM 13 NOT FOOLPROQF WHICH 13 TO SAY TNAT TME RIGHT NUMBLR MUST
BL ENTLRLDs THE PROGRAN DOLS NOT CHECX §F 1T IS AN ASCII CHAMACTER
DLTYEILN 48 AND 69, INSTEAD IT ASSUNES IT CORHECT AND USEKS THE LAST
THREL BINARY DIGITS OF THL INPUT CHARACILR. FOR INSTANCL A *D*
VOULD BT INTLRPRETID AS A "4°. THINKL 13 ALSO AN RTOS TAPL WNICH
1S AVAILABLE 30 THAT THL OPERATOR CAN OPERATE OM A 308 3YSTEIM
WHEN THE DISK SYSTDM IS ROT FUNCTIONNING PROPLILY.

1 WOUWLD LIKE TO CXPRESS MY APPRECIATION TO JERAN-
PITRARL TREMEB.AY FOR ALLOVING ML TO USE SOML OF W13 PROGRAMN AND
SUGGLSTING HE METHODS OF INCREASING THL EFFICIENCY OF THE PROGRAN.

THIS FROGRAM COWALD BE USED FOR OTHER CXPLRINENT WITH ONLY HINOR
CHANGE 3.
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!, A QUEATION wWILL BL ASKED AND THE ANSWER 13 1
! @ - IF YOU WANT TML QUTPUT T0 THE TELEIYFE

'

} « IF YOU VWANT THE OUTPUT TO THE LINC PRINTEHR
2 - If YOU VANT THE QUTPUT T0 A DISKX FILL C(IK APPENOLD
10 INFOWJT)
AL OQUTFUT 1S DONL IN ASCHL.

17 OUTPUT 10 THE OISK 1S DESTRLDO, A SECOND QUESTION wiLL
BC ASKED! “INFO ON THEL OISK., UP TO WHAT TINEI". A TIML IN CYCLLS

WIST BE INPUT AND THE CARRIAGE RETUnN PRLSSED. THE DATA WiILL BE THANS-

FEHRED TO THEL DISK FILE IN ASCHE FOxm UP TO TME TINL SPLCIFILD IN-
IN THE INPUT. AFTER THE COMPLLTION OF THIS LLTITER, OMY THE OUTPUT
DEVICL 13 CHANGEOD AND NO OUTPUT 1S PENFORMED. WHEN LETTIR '0° OR
"I (3 PAESSLO THL QUTPUT WILL BT 5O TMK DEVICK JUST SPECIFICD.
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